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ocean sediment; source, diagenesis, and behavior
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SUMMARY

[. Title

Inorganic pore fluid chemistry in the shallow Arctic Ocean sediment; source,

diagenesis, and behavior

[l. Purpose and Necessity of R&D

In the Arctic Ocean, about 1,100 to 1,500 Pg carbon is accumulated in
sediments, and 100 to 500 Gton of gas hydrate is also in sediments, including
permafrost. Because of the rapid global warming in recent decades, gas hydrate
in the submarine permafrost and sediment column of the Arctic Ocean as solid
phase is thawing, thus a large amount of methane remarkably releases into the
water column and atmosphere. It plays an critical role in the marine
environment change as well as in the global carbon cycle and the global climate
change. However, there are few studies for the pore fluid and gas chemistry in
the Arctic Ocean having thick sea ice, which can directly recognize methane
emission in marine sediments. In this study, we have collected and analyzed
pore fluid and gas samples from sediment cores in the Chukchi Sea and East
Siberia Sea with thick sea ice. The final goal of this study is to delineate the
geochemical properties of pore fluid and gas in the shallow sediments from
these two areas. We also set up five detailed research goals for this study; 1)
investigating the characteristics of pore fluid and gas in the Chukchi Sea and
East Siberian Sea, 2) identifying the origin and properties of pore fluid and gas,
3) investigating the pore fluid characteristics with the methane flux, 4)
identifying the carbon cycle around the SMTZ, and 5) characterization of the

discovered gas hydrates.

[Il. Contents and Extent of R&D



In order to achieve the final goal and five detailed research goals, pore fluid
and gas samples from the sediments in the Chukchi Sea and the East Siberian
Sea were collected and carried out shipboard and postcruise analyses of various
geochemical properties. The analysis results of pore fluid and gas have been
also interpreted. To perform the first detailed research goal, “Investigating the
characteristics of pore fluid and gas in the Chukchi Sea and East Siberian Sea’,
the shipboard analysis of salinity, Cl, and alkalinity was conducted in /BRV
ARAON using the extracted pore fluid during the Expedition and major cations,
major anions, nutrients (NH,', PO,%), stable isotopes of oxygen, hydrogen, and
carbon in dissolved inorganic carbon (60, 8D, §%Cpic), and ¥Sr/*Sr ratio were
analyzed during the postcruise. In addition, the same chemical analyses applied
to the pore fluid have been performed seawater and dissociated gas hydrate
fluid. The gas composition and concentration (hydrocarbon, carbon dioxide) and
isotope analysis (6"Ccms, 8Dcms, 67Ceoms, 6%Ccoz) of the headspace gas (HS),
void gas (VG), dissociated gas hydrate gas (BG) collected during the Expedition
were analyzed during the postcruise.

For the second detailed research objective, “Identifying the origin and
properties of pore fluid and gas”, the integrated interpretation for the analysis
results of pore fluid, seawater and gas samples from the Chukchi Sea and the
East Siberian Sea, have been performed. We delineate the origin of pore fluid,
the effect of the surface sea ice melting water, SMTZ depth, and the diagenesis
and biogeochemical reaction occurring in the sediment. In additions, the origin
and postgenetic diagenesis of gas have been identified based on the results of
gas composition and isotope analysis.

For the third detailed research goal, “Investigating the pore fluid characteristics
with the methane flux,” the comparison study for the pore fluid and gas sampled
from between the hydrate bearing site with high upward methane flux and
non-hydrate bearing site with relatively low upward methane flux in the ARAON
Mound has been conducted. In additions, the other comparison study for the pore

fluld and gas sampled from between pockmark structure having high upward
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methane flux and non-pockmark structure having low upward methane flux has
been carried out.

For the fourth detailed research goal, “Identifying the carbon cycle around the
SMTZ,” the comparison study of the geochemistry of pore fluid and gas
collected from between the hydrate bearing site and non-hydrate bearing site in
the ARAON Mound has been carried out.

For the fifth detailed research goal, “Characterization of the discovered gas
hydrate”, various geochemical analyses of components and isotopes have been
performed for the dissociated hydrate fluid and gas collected from ARAON
Mound. This research has been focused to characterize the geochemical
properties of the dissociated hydrate fluid and gas, and to identify the origin and

structure of gas hydrate based on the analyzed geochemical results.

[V. R&D Results

Since the surface seawater collected from the Chukchi Sea and the Siberian
Sea is severely diluted with the freshwater by sea ice melting, the salinity, CI,
SO4*, main cations, and 60 and 8D ratio have the lowest value at the surface
seawater. In particular, these phenomena are more clearly observed at the
surface seawater in the East Siberian Sea, where has shallow water depth and
1s close to the land. Therefore, the surface seawater collected from the East
Siberian Sea 1s affected by the melting freshwater of sea ice and by the
terrestrial freshwater transported from the land to the sea through the river as
it is close to land.

The concentration of Mn and Fe in the pore fluid at Site ARA09C-St 08,
which is the reference site of the ARAON Mound, has much higher than that of
sites in the ARAON Mound, and SMTZ is not reached at this site. Therefore,
the POCSR and Mn/Fe reduction occur overlapped within the retrieved sediment
depth at Site ARAQ09C-St 08. On the other hand, all sites from the ARAON
mound reach the SMTZ. The SMTZ depth at the non-hydrate bearing sites

_‘l'l_



ranges from 1.1 mbsf (meter below seafloor) to 3.4 mbsf while it is hard to
estimate at the hydrate bearing sites in the ARAON Mound because SO,
concentration in pore fluid 1s contaminated by seawater and gas hydrate
dissociation. However, considering the CHj; concentration of HS gas at the
hydrate bearing sites, the SMTZ depth at these sites is < 0.5 mbsf.

The downcore profile of SO, and alkalinity in the pore fluid from the
ARAON Mound is in the non-steady state because SO, and alkalinity
concentrations change vertically with the upwarding gas flux. It is observed that
pore fluid from the hydrate bearing sites in the ARAON Mound has a very low
salinity, CI" and main cations concentration compared to the pore fluid from the
non-hydrate bearing sites, which are typical characteristics when gas hydrate
dissociates and affects the pore fluid. Therefore, in the ARAON Mound, the
geochemical characteristics of pore fluid and gas as well as the carbon cycle
around the STMZ are very different with the upwarding gas flux and the
existence of gas hydrate.

The concentrations of Mg?, Ca®, and Sr* in the pore fluid show the
decreasing trend as sampling depth deepens in sites from the ARAON Mound,
indicating that these elements are consumed by the carbonate precipitation
reaction. In addition, the correlation between ¥Sr/*Sr and 1/Sr*" also shows that
the pore fluid is affected by the carbonate precipitation reaction within the
retrieved sediment depth. The pore fluid in sites from the ARAON Mound have
high B and H4SiO; concentrations, but the exact mechanism has not been
identified until now.

Since most of the hydrocarbon gases of HS, VG, and BG collected from the
ARAON Mound are composed of dominantly CH; and trace Cs.., the origin of
the hydrocarbon gas by the gas composition indicates the biogenic origin.
However, the §%Ceus and §%Ceag results of VG and BG indicate that both CHy
and C,Hg are originated from the thermogenic gas. The 8%Ceons results of HS
also indicate that C,Hg is from the thermogenic gas. On the contrary, HS has

largely classified into biogenic origin, mixed origin of biogenic and thermogenic
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origin, and thermogenic origin depending on the site and depth. It is caused by
the severly alteration of gas thermogenic associated with postgenetic processes
such as biodegradation during the gas migration after gas is generated from >
1 km deep in the ARAON Mound. The gas hydrate structure is estimated using
the BG components analyzed by ARAON Mound, the S; structure is
predominantly and Sy exists as trace.

It is not observed the significant difference of geochemical characteristics in
the pore fluid from the pockmark and non-pockmark sites. Since the SMTZ is
not reach between all pockmark and non-pockmark sites, the CHy concentration
in the HS gas is lower than 10 ppm vol., and the Mn and Fe concentrations in
the pore fluid are high. The reason to have the similar pore fluid and gas
geochemical characteristics in the pockmark and non—-pockmark sites has not
been identified.

Since the SO concentration of all pore fluid samples does not reach 0 mM,
all sites do not reach the SMTZ in the East Siberia Sea. Therefore, the CHy
concentration in all HS gases is lower than 10 ppm vol, and the POCSR and
Mn/Fe reduction occur overlapped within the retrieved sediment depth to
decompose organic matter, which lead to have high Mn and Fe concentrations in
the pore fluid.

The §%0, 8D, and ¥Sr/*Sr ratios in pore fluid collected from the Siberian Sea
indicate that the pore fluid is mainly originated from the overlay seawater in
each site. However, since seawater in the East Siberian Sea is spatially affected
by both terrestrial and sea ice melting freshwater, the main cations, anions, 6
B0, 8D, §%Cpic, and ¥Sr/*Sr ratio in the seawater from the East Siberian Sea
have different properties with sampling site. These geochemical characteristics of
seawater also directly impacts on the pore fluid.

Compared to other sites in the East Siberia Sea, the Cl, §®0 and 8§D values
in pore fluid clearly decrease with depth at ARA09C-St 25 and have a strong
correlation with each other. Observed results indicate that pore fluid freshening

occur at this site. However, it has not been revealed the exact mechanism of
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fluid freshening yet.

V. Application Plans of R&D Results

The results derived from this research are very difficult to commercialize
because they are basic scientific results. However, the results can be used as
important basic data for the study of pore fluild and gas geochemical
characteristics in the cryosphere sediments including the Arctic and Antarctic
areas in the future. In addition, they can be used as basic data for research on
the seafloor marine environment including permafrost thawing and carbon cycle,
and on cryosphere microbes and biogeochemistry due to global warming. They
can be used as important data for predicting the changes in the marine
environment and the natural disasters related to changes in coastal areas and

seafloor environments due to climate changes by global warming in the future.
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H 1 & ME

sl A EH A= (sediment column) Weol| &x = 7] &2 (organic matter)< W]
AEo] oyt tpeFet A3t (biogeochemical) WHg-Eol <3 #71E &3
(degradation) ® A FE3} (reminerlization) 2F-g&o] E &= ol dojudr} FH&
A A oepd, L=l iAW HAF delA= of 1,100 ~ 1,500 PgC o] &
A (carbon)7b FA| oA o R olFd 5 AF=3t A8ol oa HAE ol =
HEo] 9l Aow BHuFEATE (Rachold et al, 2004; Hugelius et al., 2014; Chen
et al, 2017). o3k AH HAZF oA mAEE] Foste] A&HH o2 Uof
Us f71= B 28 9 AFES 82 A A FAQA0 g4 +3% (global carbon

= = ogdstS 3t} (Canfied and Trump, 2009). dHbd o g2 wAEE

o] iAW EHAE WA F71E Al o] &st= AA 8A (electron acceptor)
of whe} vhkdk A sk wkg-o] dojupar 3}8HA <l A9 (chemical zone)o] T
Aot iAW EHORRE GAF-ve dol At (sulfate-methane transition zone
, SMTZ) Alelell A= wAdEEe] it o] (SOL)S A FEAR o] 83
HAE U 7155 Edste 771 ©4 32k 39 28 (particular organic matt
er sulfate reduction, POCSR)¢] dojupar, SMTZ slH-ol = nAAESo] o]2k3let
A2 (COE AAFEAR ol&dt] F7Es FalAA WE (CHY)= BAs= e
A4 A& (methanogenesis, ME)o] ¥dojytth SMTZ Lo A= nlAESo] SO
¢t CHy & Ax &A= sAlo o] &3] #F71& Hah= @714 dg 4bs) g
% (anaerobic oxidation of methane, AOM)°o] <dojyttt SMTZ A dojuys=
AOM 2= @ A5 el Wol SHEo] il o]iksteta (CO)EH oF 84 v T
AEe 24 722 4 CHyol 75 % WIS o= WEetr] Ao STMZ H-+
ANM dFEel CHyE AEste] HASA 35 3 t7lze CHy Ml=s &34
o 2 Zestt}h (Barnes and Goldberg, 1976; Heeschen et al, 2005; Forster et al.

ol

=]
-

o

2007; Reeburgh, 2007; Regnier et al. 2011; Intergovernmental Panel on Climate
Change (IPCC), 2013). wghr SMTZ FollA dojvp= AOM HHE2 x4 shA
A s A A FA Q] gAh =33 7§ W38l (climate change)ol T$- & &3t
3}

e st

L

18
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7}22 Stol = o]E (gas hydrate)= &3 7F2~7F A% 453 22 1A A
T EAskaL, /AR 7oA 4 (phase)o] HluA PFEAIN 2=of gFe W
stoll wef mZsHA Aol Wstgoh dAAqEA] A5 Aol ostH, A AlA 7k st
o= olE wjggel 10% o]l 100 ~ 500 Gton 9] 72~ sho]| =g o] EVF 53
P TET (permafrost)s X33 553 # e EAletal J+ A2 HiHS
t} (Hong et al, 2017, Wallmann et al., 2018). 181l < F4 d F<F w27
dojrpal d+= A 23} (global warming)e] d&gdo = EFao =45t i
(sea ice)o] <Fol HASA st Ak EF A7 2d3t= H=3E
AA AW e 7 FEST B HAZA aA FHE B dol FHHAJE T
2 o]l =do|EE P Al A, 7t sto]l=do]lEo LA AElE A g o
4 7F Z1A R o] Wistste] £ 2 7R @& Fo] wEA wEete] sF A
H3lo] FQ3F AJFS FE= AoR HuE Yt (Weitemeyer and Buffett, 2006;
Portnov et al., 2016). & ol AA|sH =2 F7lo] & 714~ slo]=dolE g &
a5 Ao ostd, F=3) ¢ o] 2 °C Asstd iAW skl EAskE 7t
2 stol=dolE e JheAdel FA4stA SUME & Al Baskiit
(Marin-Moreno et al., 2016). o 24, ~WHl= (Svalbard) Prins Karls Forland

(PKF)2] M Zol 91x18kal =40] 400 m Ko} ¥ siAdo = 7t~ &3 34
o] gI& flare 737} Wol AN gled], ol T+ Fo] 1 °C 453ty
HAZ o] 2HE 2o 4o st stol=go]EV} sElEe] AW BH @ F&
o7 olFstHA AAHHE Fx= 4sta vt (Westbrook et al, 2009; Hong et

al, 2017). Webd] B AW sl FHH] 9 b FolmdolE s A
Wz wgetm A AT TR Ba @0 1F W 97

al
Hol w&T A 2dstet daE B AW A FEW 7S stol=d
olE dfelE X3 vah £ g A9 AR wWol MdqH Utk 1
Hup i A= At B Sy AFHE CHy B2 COp 7h: E4 0 $4S 7L
AAE A (e. g., Serov et al., 2015; Shakhova et al., 2015; Brothers et al., 2016;
Pohlman et al, 2017), a1 HAEW &5 2 712 54 A4+ Adid o=z A4
AFHAJT adlF HA=W =5 3 7t 542 dubd o giAH ste A 2

s ARG 483 b stolsdlolE BHstel A4 EE 4P B 4w



& Agdr. A HS8 iAW stellA EAsts ogFd AA e A 9

7k stol=lo] EE oldfsly] 913 v R s B4 e AU ow d

W ko] Ho] Unk A (Research Vesse) &2 #H o] &o]3dk Fjrjr}el u]=o
=

HXEXE& (Beaufort Sea)tt =2djo] 2whnl= FE LA FH A o

O

(Coffin et al.,, 2013; Paull et al, 2015, Hong et al., 2017, 2018; Gwiazda et al.,

2018). 1y} FAE sHo] EAsts HFFdlolAs dnt dFHoR Hitol BV}
312 A (Ice Breaker) o 2wt Agt#A o7 HLo] 7p53t7] wfjiEo, H§AE 9]

= AAste] F=3 57 B 7b2 Asteted tigk A4 Aot v =&

offl AT AT AGL o] FHA HeA d= HA S (Chukchi Sea) %
Al g ols] (East Siberia Sea)o|th. 2018 W3t 20194 2R X1 ofgb2 (/BRV
(Icebreaker Research Vessel) ARAON)S o]&3slo] 2 A1s ARA0IC Expedition
7+ ARAIOC Expedition 713+ &<t 7 A5 A1 FolA 242k of 3570k 20 7He] ¥4
= o5 AFEAT. v R 7k Aste AFE fste] AFHIT HAE Fo
55 A m0E AA3] ARA0IC Expedition 3 ARA10C Expedition 7]%F &t
Aol A dAgtel o] & =5 2 7t AlRES AFSATE 2020 Aol = A =
ol HA s B FAHobsol e HALE B T ® VbR ARE AHT
Ads FHsHodw, d AAHeR  FIyIF A=Y Hlolyx AT
(COVID-19)ell olaff &H=3] EA7F HAL&H A, webA o Aol A= 2018 %
2019 A A" ARA09C Expedition 3} ARA10C Expedition 9|4 #HE3 &=+ %

Ay

—
©

9AEH7] Yl ARA0IC Expedition 2 ARA10C Expedition 7]17F &t 2133 &=
Fo digk A4 BAS AASA, 4 F AR AFHS T L T AR
sk ohekst 318k i 2 YA A s 2SS HAAEA
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3 At (e. g, Kim et al, 2007, 2011, 2013, 2016; Choi et al, 2013; Hong
et al, 2013, 2014; Torres et al., 2020) (Fig. 1).

E58 AW F9 TE R ga % 53 dEE gl dge FESAdTA
(KOPRD7F WA opep2& Axdt o F sk

_ZI__
grie BFs) Ak egn Bl £E Ul AAS g S dw Y olg

9 9 FadHe FEAAS FHEA Y (Gwiazda et al, 2018). =3k 2016 @ ==

A AT oA AR AL o] T AFE A A$H ARAOTC Expedition 713t &<t
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UBGHZ-1_1 UBGH2-7 UBGH2-2_1

— Central basin Central basin
ﬁ o .' I‘irit'.‘him v acoustic chimney truncated acoustic
8] GACONSIE SImREY breaches seafloor chimney
o]
& A Ve, ¥a
oz i i Sr/"8r=0.70916
SMTZ Mﬂfrm" Radiogenic "'Sr/™S MS1Wbtplsd Hl U'St/*Sr maximum
(<9 mbsf) Silicate adiogenic St St with ME \ ST Srmi
Weathering = IE"I“"“Alrk‘}"’,‘”y — “$e/*Sr > 0.70916
e (MSiW) elease of Cations

‘ No deep fluid signal i | 3 th
{ clay dehydration clay dehydration

K release "Sr/*$r<0.70916 "St/"Sr<0.70916
/J voleanic material voleanic material
/J ’ Not to scale
‘ B release ‘ t

Clay )

Dehydration*

NS

I sleace . . -
Water release Upward migration of

o SeRire 5 SaRa » :
Pore pressure increase - deep-sourced fluids

Alteration of . L Wi
.| =l Non-radiogenic "'Sr/"Sr
volecanogenics

Figure 1. Schematic diagram of pore fluid source and diagenesis in the Ulleung

Basin (Kim et al., 2016)

A 2d =8 Ve %
w29 0ol= CAGE (Centre for Arctic Gas Hydrate, Environment and Climate) 3£
2aRE S 2dutE QoA AHA T HAE I F5F D e ThA

ol
-

h 84

ojteolEe] i TR ASE 4R L FAAL BHS dAsGh B 24

@ A} ARES o gatel At muy ATE AT A oleld AT

Ll

ZIRtke ® dfo] =& Aubnts ool Wi CHy fre ol we o5 54,
o

SMTZ #< & 5
T AREo] AHFHoRE A Tg&EX HxEI QYh (e. g, Hong et al, 2017,
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2018; Wallmann et al., 2018). £3], Hong et al. (2017, 2018)& F8& %ol Lo
&, vEFds 2 YS/Sr 59 TS 54 B4 AdEd g A mdd o
TE AASte] bt Qlefol A A d AlthEt A 715 Wstel Add F W
stol wh& AW 7tx sfol=dolE s et vha EEo] gk RHs AAESIH
(Fig. 2).
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Figure 2. Simulation results from five scenarios that may explain the

non-steady-state profiles from the offshore Svalbard (from Hong et al., 2017).



2013; Paull et al., 2015; Gwiazda et al., 2018). Paull et al. (2015)> FEZEs|e %

% 3}2F (mud volcano) A olA A3 &= Cl, 61809,]_ §D BAS A s
=7 "8 (freshening)ell ek 71€= ¥, 715 7FS A2 R &

YA BAS AAFtY HAZ=Y 3edE CHy 719S F9ystadrt. =3 Sparrow
et al. (2018)2 H¥EE3] H& 55 (continental shelf)e] FZolA zHF 3 s
CH, Wl MC B4 ZAxE o] gslo] a4 2 539 CHyol 8 SAdA 7

Astdntn AN (Fig. 3. FEEANA AAF FI5 R s BH AT

14C.CH, o{«naen\

sourced
(oMC) fraction
10

-l eolo.s
13588 0,0

0

Seaward extent
of ice-bearing
permafrost

3

: '\ Jones Isl
ones Isl.

5|

Atmospheric CH, Atmospheric CO,
(modern) (modern)
B 135.2+ 0.4 pMC 102.6 + 0.1 pMC
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of OCand CH,
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OOC8C8 Surface water DOC, approx»mateé from
Terrestrial permafrost 80+1pMC surface water DIC, 101 + 1 pMC
(ancient)
0 Surface water CH,
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&
%, O
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n /?&/”s Near-seafloor CH,
2% ogy
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) 19£TPMC oy e
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Figure 3. Surface water “C-CHy data (A) and potential CHs end members (B)

in the U.S. Beaufort Sea shelf study area (from Sparrow et al., 2018).
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2] AJol= FA M 2lolal (East Siberia Sea) &l A ol A thaFal =] ¢

ok A=
AAlete], iAW st G5 FESO WEE B 49 CH7F w4 AT
ogf JF FEFo mowA dAHer EEHY 4 2 thr|2 WEo] dojut
A dve A 2AES Bo] wEslv (Fig. 4) (Shakhova et al, 2010, 2014,
2015). &5 stAtEe A AA iAW s F7- sEZF felEHEA doju= CHy W
ol 80% ol/de] FAHgel FGolA dojdrtar FAska gtk (Shakhova
et al, 2015). Ly AA7ZFA FA e otal A AHF HAE Fou TS5 B
7k2E o] &% CHy 5 ¥ A7 Ad+e vs =&

1000

distance (m)

Figure 4. Hydro—acoustical images of detected seep fields including flares

observed in East Siberian Arctic Shelf (Shakhova et al., 2015).
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H 3 & d7gdsd s 2 2ot

A1 A AT AY

2018 A ¥ 2019 WA ofgpES &Este] AAgE ARA0IC Expedition 2+
ARAI10C ¢] Expedition & 94 A9 A F AFgoz FET 4 v} (Figs. 5
¢} 6). A WA A7 9L 20169 ARA0TC Expedition BAHES B3] 7F2 shol=
ol EE g HA& ol vk = (ARAON Mound) A 9S& E3ste= Ao
22018 Aol A g ARAOIC Expedition 7]7F F¢to = ofgb2 nf&= %9 (Box
¥ % m= (pockmark) #19 (Box 2)7HA] E3rete] ®&AME AAlstA o (Fig. 5).
2019 Ao Al ARAIOC Expedition 7]3F &<Fol= ARAQ09C Expedition A] 7}
stol=do]EE WASIA A ofeh mhE= X ol tiaf TR A0 HAE AASHA
oh ot mk= Ao FAE tiEE 600 mollA 800 moli, dF AE 4
= g AedA = g4l 2300 molth F mha X9 412 800 m
m o]t} (Fig. 5). 7+ ®A A7 AF2 2016 A A HAA veghdsE A4S 243
sAM g olsl] Agoz 2018 Wof AAJgE ARA09IC Expedition A] Box 3ol 33
H, FAS tiFE 100 m PR A golnk (Fig. 5). 20194l AAg ARAI0C
Expedition Al ol &= A Hgots]lE tidoz A A5 HAISHA Tk

obghe: mbEEE A F moA F km7bA AVIE e fAHAAA =
TZEY EFAEA AFAA B FA D TFaTt AR olssiEA A

TEEC|h Hom AN 7= & B 7bE So]l=EYolEVE wis
A ol #EE Y (Kopf, 2002; Chapman et al., 2004; Kim et al., 2020). ARA09C
Expedition 713t &<t H53 ol vle=9 Ay ©Alxl 5+ Figure 6 3 7%
th. ARA09C Expedition 717F &<t ofeb2 wh=29] AMO1, AM02, AMO03, AMO04,
AMO6, AMO7 oA H A& solE AFskdaL, 7 ofgh vhE= A oA = 24
71¢] 10L Niskin Bottle ©] F2t¥l CTD/Rosette System (SeaBird Electronics, SBE
911 plus)& ol&ste] sl+E AT ARAIOC Expedition 7]3F &<tell = o2}
< mkE=9] AMO05 (JH ARAIOC-St 05, ARAIOC-St 06)2F AMO6 (H#
ARAI0C-St 07)0l A H & so5 A3 skl

oX, FU']N’
o i

BN
o
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Figure 5. A) Location map of both multicore and gravity core sites during the

ARAQ9C Expedition (from ARAO09C Science Meeting). B) Location map of

multicore and gravity core sites (red closed circles) during the ARA10C
Expedition (from ARA10C Science Meeting).
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Figure 6. SBP data of ARAON Mound structure (from ARAQ09C Science

Meeting).
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Figure 7. Mutibeam data of pockmark structure in the Chukchi Sea (ARA09C

Science Meeting)
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uba Ghx

rr

obth mb=Ay A el A Tha B FA WEI v ol
g TEH FZo|t}t (Judd and Hovland, 2007). ©] 7%+ A AMAZHCZE diHF
FHEES wep F ddyu F2 ARRE olgdte A B bz o A A
1} (e. g., Hovland, 1981, 1985, Hovland and Judd, 1988; Lgseth et al., 2009;
Plaza-Faverola et al., 2015), Ao 23t #48E = HAE Ao o&) AAE
7]%= 3} (O'Regan et al, 2015). | AW 7}2= &5 9 7F2 Sfol=go]EV} o]
Zoll A GAl 2 wREY A A F wma 2] digk "E W (multibeam) A

S+ Figure 73 24 Z w3 93 A HolafdM= 45 F9)¢ CTD &
o] &3t sfFE ANHGA

Al 2 A AR A

1. 39
2018 o= LA AT a0 WA olghe2 o] &3 ARA0IC Expedition 7|7+
& H A s} FAME obs] A o] F 237 H-HolA T8 FZoe] (gravity corer,

GO)¢F HE o (multicorer, MC)E o]&3slo] HHYES AF3A Y (Fig. 8). E
AE ZoE AFAS 23719 AT a7 F=5 A8 T 4] APS A A

o FEe AT HYs AF Aol tid AR = Table 13 2ok A4

=
o] &3ttt ARA0IC Expedition 7]%F &<t A HA&E o= AFAANA H
A4 71e R 7k stel=dolE AHE fdl Aiekin. Ao AR B
7}

A4k 2Fd8 o] (working core)® AFE3F AL, Awke B &

rlo
Su

&= 3ol A
59] (archived core)Z °F 4T=Z W& H#Aslo] 10514

2019 Aol = SR A4 YA ofgt2S o]83 ARAIOC Expedition 717+
st HA e} Aol A e F 2070 Gl ARA0IC Expedition 717}
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Figure 8. Sediment coring by A) a multicorer (MC) and B) a gravity corer (GC)

during the ARAQ9C Expedition in 2018.
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Table 1. The site information of sediment core for the pore fluid extraction

during the ARAQ9C Expedition in 2018.

Location

Water
Site Study Depth Length Remarks
Area (cm)
Longitude Latitude (m)
ARAQ09C-St 01 171° 55.3120" W | 76° 32.7800" N | 2283 437
ARAQ09C-St 04 169° 44.2104" W | 75° 40.7934" N 605 221
ARA09C-St 06 169° 44.1945" W | 75° 40.8402" N 609 - Gas
hydrate
ARA09C-St 07 Box 1 169° 476843 W | 75° 427173’ N 699 451
(Chukchi
ARA09C-St 08 Sea) 169° 51.2683" W | 75° 44.3845" N 813 529
ARAQ09C-St 12 169° 44.4576" W | 75° 39.8224" N 538 264
ARAQ09C-St 14 169° 44.3467" W | 75° 40.3835’ N 646 92
ARAQ9C-St 16 169° 45.6486" W | 75° 42.2039’ N 662 - Gas
hydrate
ARAQ09C-St 19 165° 26.1080" W | 76° 41.7170" N | 1152 493
Box 2
ARAQ9C-St 20 | (Chukchi | 165° 26.4230" W | 76° 40.0580" N | 1160 4955
Sea)
ARAQ09C-St 21 166° 225870" W | 76° 345534" N | 798 516.5
ARAQ09C-St 25 170° 26.0310" E | 75° 11.5866" N 83 202.5
Box 3
(East o , o /
ARAQ9C-St 31 . 166° 286699 E | 73° 57.6579° N 48 153
Siberia
Sea)
ARAQ09C-St 34 169° 21138" E | 73° 425742' N 46 43

*—. disturbed by gas hydrate.
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Table 2. The site information of sediment core for the pore fluid extraction

during the ARA10C Expedition in 2019.

Location

Water
Site Study Depth Length Remarks
Area (cm)
Longitude Latitude (m)

ARA10C-St 05 169° 44.1761 W | 75° 40.7867 ' N 609 222
ARAIOC-St 06 | MUK | 1e00 a1604 W | 75° 408155 N | 606 - Gas

Sea hydrate
ARA10C-St 07 169° 446306 " W | 75° 41.1831 ' N 627 164
ARA10C-St 08 168° 50.1753 "E | 73° 417522 ' N 43 67
ARA10C-St 09 168° 50.1753 " E | 73° 56.2577 ' N 48 40
ARA10C-St 10 169° 49.1415 " E | 74° 052578 ' N 49 43
ARA10C-St 11 170° 40.8649 " E | 74° 245348 ' N 59 43
ARA10C-St 12 171° 50.0334 "E | 74° 414787 N 65 43

East
ARA10C-St 14 | Siberia 179° 588750 "E | 77° 079210 ' N 1351 58

Sea
ARA10C-St 15 176° 199687 "E | 75° 480242 "N 370 51
ARA10C-St 16 174° 176180 "E | 75° 183124 ' N 201 31
ARA10C-St 20 167° 55.0994 " E | 74° 28.0286 "N 55 65
ARA10C-St 24 171° 228464 " E | 73° 473741 ' N 45 64
ARA10C-St 41 176° 20.1470 "E | 75° 07.7878 ' N 203 32

x—! disturbed by gas hydrate.
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2 8% 2 B

ARA09C Expedition® ARAIOC Expedition 7|37} &<t

4

o it R S
A dE, &% i, 2471¢] 10L
Niskin Bottleo] TH|¥o] A==z 5 AHL = As ALAA ofek 9
CTD/Rosette System (SeaBird Electronics, SBE 911 plus)S ©o]&3te] A
299 &= AFHSAT. ARA0IC Expedition 717F st = ofgt2 nf2=9] F
A4 (ARA0IC-St 04, ARA0IC-St 08)llA Z 12709 sl A8 &, ¥ »ta &
3 AA (ARA0IC-St 0D)olA = 6719 a5 A=E, A A AHA
(ARA09C-St 25, ARA09C-St 31, ARA09C-St 34)ollA ZF 11709 &4 AlRE
AFHsF . ARAIOC  Expedition 7]3F  Fstols= FAdlgo oA AA
(ARA10C-St 08, ARA10C-St 10, ARA10C-St 12, ARAI0C-St 14, ARA10C-St
15, ARAIOC-St 16)olA & 28719 &+ A &2 A s

HAgZe drd ¥

@2 dud L 8F NaE 24Y

4+ Rhizon (Rhizonsphere = Research  Products,

=
HHE o] ARF AYA ok Aol FA

Netherlands)S ©] &3} =Z=3)
Ay, 3o A7l & Ao FE3I T (Fig. 9). ARA0C Expedition®] &=
ANH AL T oY 2 AT HAE 2o AF 20 cmelA 80 cm AL

o

2, e Zoly R AA HAE Fole 2 cmollA 10 ecm HE o2 AHAA
ARA10C Expedition®] &= AH AL T8 o2 AFHAS FHAE o9
A9 20 cmoll A 40 cm FA o2 HE FojE R AHI HAE FolE 2 cmolA
13 cm HE o2 AF e HHE =
7F w9 =27] wEel Ay ofeh

Figure 9. Pore fluid extraction by Rhizon during the ARAOS8C Expedition.
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ARA09C Expedition 7|3t &<t & 115709 &= A5& AASITE ofep
nhEE, Fouka F2E E3e HAs 4 g A-AAA T 87 MY TEF ARE,
sAH ksl Al BN F 29709 TEF ARE AFHSIATE ARALOC
Expedition 7|13t &<t & 80709 =545 Al&E AFsA . 2 A6
% 14 M T
A F sk A

A% &4 (salinity, Cl, alkalinity)?} &4 % 4 (F8 Fol&, 78 Fol& %

R
>,
ol
Ll
oft
>,
=
AC)
o
<
gL_:
{1147
ot
o

2
=
>
o
o)
3
=
Lo
ol

nEYd s AA/FA YDA (6%0/8D), & FUEA A 2994 (88Coo),
2ERZE FY94 FSr/fSr))e gEl AW olghe MAtola zb EA] g

il
2
2
i)
M
=
s
f
i
ol
ol
it/

wel Table 349 AHA 59t 234 A=

Table 3. Seawater and pore fluid sampling, pre—treatment, and storage for the

onboard and postcruise analyses.

Analysis item Bottle Pre—treatment Storage
Onboard T
) ml i
analyses/anion 5 cryogenic vial
Cation/unconve

5 ml cryogenic vial | Add 20 u pure HNOs

ntional isotope Refrigerator (4 °C)

§180/8D 2 ml glass vials -
§BCoic 2 ml glass vials Add 50 g HgCl,
DOC 8 ml HDPB - Freezer
Ciﬁ?ﬁm 15 ml plastic bottle -
13 Refrigerator (4 °C)
570/6D 2 ml glass vials -
(Kitami) &
* — ! no pre—treatment
A4 B 2 Fo fole AR AL dFd ¥4 Ant guow vy

A Zg 5 ml cryogenic vialdl 5@t A2 glo] A|RE EulstA A, =8 Yol
2ong 9ol FSyASr BAg el w35 ARE vE AHI 5 ml

cryogenic vialdl =4 AlRE FHigt = 20 4 23asE A (HANO3y=
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A7bskdet. %09 6D XS sl¢e FEF AIREE 2 ml FEl¥ (septum
screw-lid glass vials)ol AH 2 §lo] ANEE Ruada, §¥Cpe #44 59
= AEE 2 ml ¥l AE ¥ 5 50 4 935S (HgCh)e FH7Fskioh

matter, DOM) 54 A& 8l sl 5
ml¢t FE% 1 mldA 5 ml 555 2EE F92H  (High Density
Polyethylene Bottle, HDPB) &7]e HdAg gle] &Ewistdth.  ARA09C
Expeditiono] A+ ¥ Kitami Institute of Technology®] °o]==Z ZunlE 123 (lon

AEHe &F #F7]E (dissolved organic

Chromatography, IC)E o|&3 T=F9 Fa ol H Fol& EAI} 4tk H
T LA BA AFE 98 Kitami Institute of Technologyoll 4l £8]3F 15 m
Fd2g £719 2 ml 89 (septum screw-lid glass vials)el AF g &=
AAeE glo]l wwlstdth AAYE #4853 BE 5 2 IS5 AlRE A
2o 5 BN @5 we WA ofgk2elAM 4 °CE ¥ By

wsle] A A=z $ulsldth (Table 3).

—

-
|

f
M
4

<
o
of

r

HAEY FFE ¥715 (headspace, HS) 7F2 A& $18t4 AW ofgh2 A
Fol A HAE 3o AFFE dddE 1~15 m FZo] AMAL] shdolA HS 7t 4
AmE AFstAT HS 72 B48 A8 AH 3e FES AAS 5 ml
FAZIE o] &3] o] Aol oA 3 ml o] EHAHE AEE 30 ml serum
el (glass viaDol AFHSAT. HAE Alm AFH F Eskd 2s=° 2 ml
NaCl €48 F2|Hol H71ste] capperE ©]-83to] butyl rubber septum¥} 5w
i o 2 A3t (Pimmel and Claypool, 2001).

ARAQ0IC Expedition® ARA10C Expedition 717F §<F 7t Fofellx] A5 g HS
7k~ Als AXE+E Table 49 Zth. ARA09C Expeditiondl Al &= HX|al A dH
(ARAO09C-St 01, ARA09C-St 14, ARA0IC-St 19)°1A F 68 HS 7t~ AlRE,
A ols] M A (ARA0IC-St 25, ARA0IC-St 31, ARA0IC-St 34)oll A4 ZF 3
el HS 712~ A5EE AFHSES T ARAI0C Expeditionol A= FH X3 A FH
(ARA10C-St 05, ARA10C-St 06, ARAI0C-St 07l A & 1471 HS 7}~ AlRE
sA okl oAl A (ARAIOC-St 08, ARAIOC-St 10, ARAIOC-St 12,

op

o

_35_



ARAI0C-St 20, ARAIOC-St 24)ellA F 15701 €] HS 7k Al2E AFe3it

Table 4. Information of HS gas sample

in each site from the ARAQ9C

Expedition and ARA10C Expedition (mbsf : meter below seafloor).

Expedition

Site

Sample No

Depth (mbsf)

ARA09C

ARAQ9C-St 01

—_

4.37

2.88

ARA09C-St 14

0.20

0.50

0.80

ARA09C-St 19

480

ARAQ9C-St 25

1.90

ARA09C-St 31

1.45

ARAQ9C-St 34

0.40

ARAIOC

ARAI0C-St 05

2.15

1.80

1.65

1.30

0.94

0.40

ARAIOC-St 06

4.50

2.20

0.75

ARA10C-St 07

1.35

1.15

0.90

0.40

0.10

ARA10C-St 08

0.37

0.105

0.015

ARA10C-St 10

0.36

0.19

0.015

ARAIOC-St 12

0.335

0.205

0.015

ARA10C-St 20

0.22

0.12

0.03

ARAIOC-St 24

0.52

0.29

WIN | WINFWIN I WINH WN O AW FWN IO A WN P P = = WN DD

0.03
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ARA09C Expedition®]| 4]+ Kitami Institute of Technology”} o}2}2 wl&= X
Aol A AHAT HS 7k~ B 35 (void) 7h=el dis Als AHH 2 24S AAIsHA
t}. Kitami Institute of Technology: 0.2 molA 15 me ¥A3 tAo =z JFE
S A 5 ml FAZIE ol &3t 10 mle] HA =& 25 ml 2%l HS 7t~ &
As Al AR olF 97 mle] 23 A5 03 mle 50% H3F MAIHE
(benzalkonium chloride) &< -Fel®ol 7FetSlaL, cappers ©]-83dte] butyl
rubber septum¥} &FH|F oz LA VG AlaT HAE Zo AF & =2
o] Afolell F=o] EAlst= Fo] ol E Tt tiste] A A #E =E o] &
o] TS AFE] 60 ml FAVR b2 AFEATh AHT VG Alae x5}
NaCl €9o 2 A% 60 ml serum 2ol &7 BT

AW ofgpolA] BE HAAHYE g5 HS 2 VG AlEE WA ofgh2e A

4°C2 W nuste] APUE ewsar

f

P2
ARA09C Expedition 713t &<QF @A 712 sfo]=go|Ee} A3tst {4 A
TS 8l ol 22 AF AAfe o) 7t slol=dolE AlgE WA ol

A AP d2em YAzt

AL

4. 7k stel=dolE e #A B’ 7HE (BG)
3]

o

- R 2¥Fe (spatula)® EHAE Sol o3 o 7hsAol e 7l dlol
g olE ¥ AA
T2 A 20 ml A AAHE S 7t Slo]l=golE YWY

%_
~ Ao x] 7t Flol = o E 3§z

ARA09C Expedition 717+ &<t + A4 (ARA0IC-St 06, ARA0IC-St 16)°] A]
& 6709 slgd 7hx slol=dolE FAE A s sielE 7t slo]=dolE
T dtew me AHI FAIE o] gste] 0.2 ume] syringe TE 2 o 2}t

A BRor A FEo] wet dAg, 8 2 massld
(Table 3). slgjd A7 7t~ spol=golE 74 A E= 559 FL3HA Kitami
Institute of Technology®t®] && A& ¢ EHistAth

AYE 7t~ Fpol=wo]E 7} (dissociated hydrate gas, BG) A& AFH =
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ARAQ9C Expedition 717t §<toll= Ao A Kitami Institute of Technology®ll <]
af AAE AL, ARAOIC Expeditions €53 § 4879 (Ulsan National
Institute of Science and Technology, UNIST)elAl AA&Att.  ARA09C
Expedition 713t &<tell= 712 sfol=dolEE st &= H4d (ARA09C-St 06,
ARAQ9C-St 16)°lA4] BG Al=5E A Ao = 7h2 stel = ol E9r A
g A AR EFAE A8 AHEE AR AFH WS FdT o R HAZ ¢
g BG A= 29s HAaststr] #8 AFHET 7hE sfol=dolE #W
HA=s Az"A AAZ F, 7L Sol=dolE ARE o W U
(one-way valve)7} 2% 60 ml FAH o] Yol 712 Slo|=g o ES 2204 3
A ZAT AHF BG AEE VG A8 A w43 ez 3Hxstdl NaCl=
AL 60 ml serum  FrElHol  AFAS AT SAMASHI]EAd A ARA0IC
Expedition 7|3t &<t A FA T 7t sfol=dlo|Ed gk 243 % APS fl& &
B3A 7] F O AFI AR JlA stol=golE A RS ARA09C Expedition 2ol A4
BG AlRE AHT L3 oz Ao BG AEZ AT HH & of
g2 rte=9 F AH (ARA0IC-St 06, ARA0IC-St 16)ol A A3 7}~ slol=
golES 247 Edol A sl gkt

ARAI10C Expeditiono| A= ARAIOC-St 06141 AN AT M 7o 7k~ dlol =4 o]
E Agd s ddolA BG Al5E A BG AlE AF He ARA0IC
Expeditionol] A AR8-3 L3 WS o] &35

ol HuAMo|AE ARA0IC Expedition 7]7F &<¢F Kitami Institute of
Technologyoll A/l 2] # g HS, VG, BG A5E59 71~ x3s AE 2 59945 &
Ay 9 A A 3E I Al 44 oA 7]=s

g BT
CTD/Rosette System .2 33t 3|59 Rhizon & ©|&3to] FE53 3%
A 24 H Fol2 A AEE ol&ste] dk (salinity)$t dAol2 (Cl)=
ARAQ9C Expedition & ARA10C Expedition 7]7F 5<¢t A olegfL AAbo A £

25k th. Salinity + Fisher A9 F 1€ 9% reflectometer & ©]-83}o] =43}
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o &4 2 T4y CI %% ODP Technical Note 15 (Gieskes et al.,, 1991)¢]
A WS ol&sto], 01 M Hh2 (AgNOy)= o83 2= HAdUH (Mohr
titration) © 2 #2418}tk Alkalinity &= 0.02 M HCl & o] &3 24 WS A8
of A8kt

=749 salinity= IAPSO (International Association for the Physical Sciences of
the Oceans) 35~ (34.994%,)& ©]&3le] B3ttt Alkalinitye} CI 5% &4 Al
IAPSO &l+E %+ EZ (standard) = AFE3SEal, TAPSO 3l4E HbE 24319

=49 alkalinity$} ClIT %9 A&AA (reproductivity) S zHzZF < 2%} < 05% ©°]

a

2 H% 9 TIF N F RA

ot TS FAA o] (SO 72 A YATY (Korea Basic
Science Institute, KBSI)¢] o] =Z=ZnuE1#3 (lon Chromatography, IC)
ICS-1100 (Dionex)2.2 +A 3}t

st FIFU Felee KBSl #EAY  Behxvh  9xpwdpd

N

]
(Inductively Coupled Plasma Atomic Emission Spectrometer, ICP-AES)%® #2413}
Attt EFEHAEE SLRS-58 TMDWS Ab&stlal, Ee=do] vk 24 9
3 S4% A AAAE < 5% ofjolth

ok F5u §%09 6D 412 Beta Analytic Inc. (USA)9] ¢HE&91U4 2
222 7] (Isotope Ratio Mass Spectrometer, IRMS)ES o] &3t} 49 AFA 9
LA v A AAES A7 < 1% < £0.1% 0]t

§"Cpic ¥4 Torres et al. (2005)°] AF&3F 4 Wilo] o8& n=r & F9
] (Oregon State University)?] Gas—Bench IIZ ©]&3F Finnigan DELTA-Plus

Mass Spectrometers ©]-&3sto] #Astdth s ZF=2 (CaCO; NaHCO;,

e WHE B4 o3 FAE 24 Aed 3 AdAde A < 2015%% <
+0.07%°] }.
A sk FF5 6%0, D9 6¥Coe U4 HlE obiet 2 2 (Eq

Dol o8] AxE Fho

it
ke
>
_O|L
22
i

6 (%0) = (Rsample B Rstandard>/Rstandard X 1000 (Eq 1)
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T =52 o] 180/1%0, D/'HeF BC/PCH).

R: A8 ¥

5

EAUL W ANN EFELE Saol A9 V-SMOW, &ael 45

rr
e

A
V-PDBE ©|-&3a}3ith

81Sr/Sr BA1S 984 Sr-Spec columnS ©] €3k Sr 2] S KBSIo A A3F
Ao A AAskAch 2" Sri KBSIC Neptune MC-ICP-MS  (multi-collector
inductively-coupled plasma-mass spectrometer; Thermo Finnigan, Bremen,
Germany)Z o] &3&lo] ¥Sr/MSr2 A skdoh B3 FSr/Sr v 868r/88Sr W)
0.11942 Atstatglal, TEE2 NBS 9879 wksE EAo] o3 ¥Sr/Sr vl
0.71025 + 0.00002 (20mean, 11 = 24)°] T}

A& dfd HS 7t~ €344 (hydrocarbon) AE ¥ v% 2 o] A3terAs
= (COE EA3H7] 93] ODP Technical Note 30 (Pimmel and Claypool,
2001)°] HS 7} AL el wep A AT AP AAA 65 °CE 0%
2 7tEEe] HAEW 7tAE FESIATY =% HS 72 1 mlE 8 AdA
AFH ] SR AAL AT Dol H {3 Agilent Technologies®] 7890A GCS o] &
sted, HS 7h2=dl &8ted 7ks AR v B4 AAsk HS 7F=d st

T 7o) AR 28 E e EAT ZY (plot fused silica column : Z o] 50

[>
ML

o

Ol

m, W74 032 mm, 2&F F7 05 m)S 483931 HE7I2A4+= FID (Flame
Ionization Detector)& o] &3ttt ©&3tFa 7l A4 GCO FH7- =5+ 230
TR, A&7 &5 250 T2 AAAHIL, 289 &%= 35 CTE 583 FAA2
£ 20 C/mino.2 195 CT7HA GsAAH T FA4A GCH R/ 7k~ 99.9995% 9]
T #AFES AT We (CHy) 729 A= 45 9l Table 549 0
ppm, 100 ppm, 1,000 ppm, 1%, 10 %9} 99%¢ CH, ZEF7}AE o] 83t ar, o &t
(CoHp), Z=E3 (CsHg), H-&F (CiHyp), A& (CsHip), A4t (CeHw ol A& 45 9
& 10 ppm, 100 ppm¥} 1,000 ppme FEF7I2S AFE3HS T

HS 7k2d) 234 CO.¢ % £42 FFF HS 7F= 1 mlis 2 A=xel A
#3&lo] dFAAALATHo] B3 Agilent Technologies®] 7890A GCE o] &3}

of BEA5AT. CO, 5% 45 98l packed columns A3t 7t~ AHES &

K
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Mol A =12 d3tea B4 219 w4

]_

32

i FawwdEE Table 549

g ol gaerh

ol

100 ppm, 1,000 ppm, 1%, 10%, 90% ©°]4ts}ekAi

b
MN

Table 5. Standard gas concentration for gas analyses.

Analysis item Concentration

10 ppm, 100 ppm, 1,000 ppm,

C
H 1 %, 10 %, 99 %
CoHs, CsHg, C4Hio 10 ppm, 100 ppm, 1,000 ppm
COs 100 ppm, 1,000 ppm, 1 25, 10 96

VG 3 BGO &3trs 4 B sk CO; = 412 HS 7k #43 &
WS o] g3le] A AAYLA L] B3k Agilent Technologies® 7890A GC
= o]-&sto] AAskAT

Kitami Institute of Technology® ARAQ9C Expeditiono] A ={# 3 HS, VG %
BGe 7k AR B4 2 5992 B4 (6%Cons, 67Coomp, 67Coon Do) S
Kim et al. (2020)°] #pAl8] 7=l Qlar, efs] Adwetd thad 2 COq9t
=2 CHy & 01%) % A=mE<2 Kitami Institute of Technology® Shimadzu
GC-20142 A3ttt 7k~ AEEL packed column (Shimadzu Sunpak-S, Z o]
2m % ID 3 mmeoezE #3391 HAE=71E+= TCDE AFESAH. 42 w5 (K
01%)°] &3tra (C-C) A® 2 s5+ AF7|2 FIDE o]&3ty A3kt
gHEE EE57Fs A0 Al 2 7k ARl dal 1.2% velth. gshaa o]
g (6¥C) 2 2 (D)9 olitsterie] vA YA Bl Trace GC Ultra

(Thermo Fisher Scientific)®} ZAE3 A% 35 UL HE& A= E47]

rf'

[}

(CF-IRMS, DELTA V, Thermo Fisher Scientific, Waltham, MA, USA)Z #413}
Aot 7t YA "] BHS 93 GCol+= Carboxen-1006 PLOT capillary
column (Z°] 30 m, ID 032 mm, ¥& 57 15 ym, Sigma-Aldrich, USA)S ©]-&
st CHy 5%7F @2 Al59 29 Carboxen-1010 PLOT capillary column (Z
°] 30 m, ID 0.3 mm, €& F7 15 ym, Sigma-Aldrich)& °]&3}s] 7}~ 5994

_4']_



&g PAS BAE sbae Ba 2 a 994 e Eq 12 0§35
717k V-PDB % V-SMOWel & § ()= LAt 7h2 994 ve) A4

e 68Ce Ag < £03%°13L 6D A5 < 2.0%°lth.

ARA10C Expeditionel A ## e HS, VG % BGY 7t= 9994 AL
ARAO09C Expedition®] HS, VG ¥ BG9 7l 994 A4S AAg Kitami
Institute of Technologyol A &3+ 24 WS o] &3te] A A3

ol H 1AM A= Kitami Institute of Technologyol Al ARAQ09C Expedition 7]
b ek AF skl 43 HS, VG, BG A12E59 7t Asst A& 9 s9d4 &

ARAO09C Expedition®} ARA10C Expedition 7|17t %<¢F 2133 a4
S0 v Alm B4 Ad 2 oM AFT AR Aol wet H A3
golal| = Fefste] 7lEstdh 3 HAS st =g 542 AR AF A
ool A E e 5o wet ofgke mp=, F wp=aet w4 (reference) T

o

(1) ofgh2 mhE=

ARAQ9C Expedition 7]7F &<t ofeb2 wmh=9 F A (ARA0IC-St 049}
ARA09C-St 08)ell A a5 A3 sk% 3L, ARAIOC Expedition 713t &<bel &= olef
< np=o M S AFHEA Ut ARA0IC Expedition 713+ &9t ofgh wn}
=9 Ay AHAA F 64709 =Tk 6719 sjElE 7t stol=H o E fAE
AR L, ARAIOC Expedition 713F s<tol= ofgt2 mt=9 F AHAHoA F
1409 =5 AAsAT. ofek: oA F55FE AL AHET B A
22 A% 813 mel AH ARA09C-St 085 °o|¥l Aol A] o}

2h2 mhb = w4 (reference) B3 0= 283t



(7}) Salinity 2} ClI°
ARA09C Expedition 7|3t &<t A gol A 43 s59] salinity?} CI =& A
A ARA09C-St 040l A= Z+2E 26.5% 914 35.0% 2 432 mMell A 563 mMe] H <]
=, A3 ARA09C-St 0894 = 722t 284%°1 41 35.0% 2 412 mMeol A 563 mM<]
HeE Holw Wttt (Fig. 10). F AAlolA 243 s Aol @& salinity
2 Cl v% WH3E AHEE 135 oA salinity 2 Cl $%=7F HEqhS 2,
A& 300 m7bAl AHE s e salinity B Cl s&=e dlge] A A=7F 2o d
TE

T2 Z71sth A% 300 mET Z2E& AxoA A3 59 salinity 2 Cl°

_4

= Axe] #AGe] vluA dAgs e Z-=rv (Fig. 10). ARA0IC Expedition
Salinity (%o) Cl (mM) SO, (mM)
024 _ 28A 32 36 300 40q _ 500 600 20 o 25 30 35
oA e A-® o - ;
A® % LN
300 A A A b A
[ ] [ ] [ ]
£
5
53
A
600 ® - - [ ) - o ®
@ ARA09C-St 04
A ARA09C-St 08 a a a
900
Alkalinity (mM) NH,* (uM) PO (uM)
00 1 2 N 3 5 .10 . 15 20 0 1 .2 3
. —a— s LT . . s
2 ® A A®
300 A B F A 1 A
[ ] [ ] [ ]
g
=
o3
[
600 ® 1 F [ ] E F [ ]
A A A
900

Figure 10. Downcore profile of salintiy, Cl', SO, alkalinity, NH4", and PO, in
the seawater from Site ARA09C-St 04 and ARAQ09C-St 08.

_43_



717y Bok HAsol A e W (sea ice)S FE3IAT (Jin and Shipboard

Scientific Party, 2019). #zZ¥ W2 Ayt s vl&] E4AdE 0§ w3

LAy
517
v
"L
rlo
wm
o,
=)
<
%E,
a
off
=8
il
P
N
R=)
Mo
=2,
:oé
oL,
4

ARA09C Expedition 7]3F &<F Aol A &4 F559 salinity 2 Cl s+
A F A2 Y= 7 Uvh A WA 152 A3 ARA09C-St 04, ARA0IC-St
07, ARA09C-St 08, ARA0IC-St 129} ARA09C-St 1404 A H I T ARER
A, salinity 2 ClI %7} 22 32%°1 A4 35% 2 552 mMeoll A 572 mM<e| HHE

HolH, T AMF Akl daglo]l Mlard AdAZ salinity R Cl &%= g& %

i

= (Fig. 11). A3k salinity ¥ ClI A# & o] AAEAA AFAS HHE 79
Aol ol A 7} sto]l=glo| EVE RESHA] s AAISHT

T oHAl 152> A4 ARA09C-St 063 G ARA09C-St 16014 A S &=
34 (salinity @ 35%, CI &% : 553 mM)ol
& zZte=t (Fig. 11). 7 - olA+= ARA09C

TET ARES F
Hla w9 v salinity ¥ Cl &
Expedition 7|3t &9t 712 spo|=go]EE AAtol A 2HASA Y (Fig. 12). 7F2 8}
ol=go]Ex A2 At dF 7kA gfol=olE b G Held = EA el 7t
ohfrskal v a3 FARSE EZ2olth (Sloan, 1998). 7F: sfol =g o] EV}
w5 g sk Wste] o8 sfert dojud Tk stol=YolEE X3S HAE T
He] T salinity 2 Cl $EE 712 slo]l=golE2 ¥3atn YA 2o H
e F7re] Il nlEke] s slol=eo]lE A whe nlojdH o w e
Ay A4St (Hesse, 2003; Kim et al, 2013). 7% ARA09C-St 063 A#
ARAQ9C-St 1694 LA ZE 712 3lol| =g o] E= vein filling =+ disseminated 7}
2 ol=golE FAS zteth A obgke AAelA AFHT ThE sfol =4 o]
EEZ grA B3 549 salinity @ ClT 5%+ Table 63 2t}

A7l 7k~ Stol=dolE FAY A salinity 2 Cl X% 22 0.2%0°1

A 0.5%0 2 60 mMoll Al 80 mMe] HAE 7FA™, A3 ARA09C-St 063 74

o
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Sahmty (%o) CI- (mM) SO42' (mM)
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E A * | a A ¢
% * * *
Q A A A
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6 . . , . . .

Figure 11. Downcore profile of salinity, Cl, SO, alkalinity, NH,', and PO in

the pore fluid from Site ARA09C-St 04, ARAO09C-St 06, ARAQ9C-St 07,
ARAQ9C-5t 08, ARA09C-St 12, ARA0IC-St 14, and ARA0IC-St 16.

12. Gas hydrates from ARA09C Expedition.
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Table. 6. Salinity and Cl in the dissociated gas hydrate fluid from the ARAQ9C

Expedition.
Site Sample Depth Salinity CI
(mbsf) (%0) (mM)

GH-1 2.03 0.5 80.4
ARAQ09C-St 06 GH-2 0.63 0.3 50.2
GH-3 0.5 0.2 40.2

GH-4 2.4 0.5 -
ARA09C-St 16 GH-5 2.28 0.5 60.3
GH-6 1.2 0.5 70.3

—! no measurement.

ARA09IC-St 16014 EA3 nE
5 St} (Table 6). webA 7 GHAA 7k~ stol=do]EE X33 11U 57
So] FW 5o HlE] we salinity 2 Cl 5% =
o] oaf WEH @ FAE FH EHAE 5T 9Fs TV

u)
% Jhe slol=dlolE AAA AR G salinity B CI FEE e B4 447

ol

= A5 Eel H|3) salinity R CI %7} A

i
)
rlr
-
Ho
rir
N
N
[>
o
©

f
R}
s

A
72 slol=dol EVL st FH EA E WEHUA o dFS T3
7] w o]t

ARA09C Expedition 7]%t
049} A ARA09C-St 06> sL3k ofg}f
Table 1). 22yt F AR EANA AMAS] E4 &5 salinity 3 CI F%9
Azd & =44 Wste vl g24 #3250 (Fig. 5. ARA09C Expedition

712 w9t 7 - Mg 2 Abele A ARA09C-St 06014+ 7F2~ slo] = o

_‘d
oift
r o
24
N
rot

o ofy
JE
=
9
Y
o,
ol
il
ofy
o,
i)
o=
=
2>
o
o)
€
%%

AlgEoA #ZEE AEd E M2 & salinity 2 Cl 5529 2% W3l <
Fe FZoU 7k slol = olE EA fFol wel ¥4 etrAdo] Be JFES
Wy &S HoFe SA

=

ARA10C Expedition 7]3%F
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109] &= salinity 2 Cl 5%

rr

247k 33% o A 34% 7 556 mMellAl 572 mM

g wolu, AFH Awel dagle]l wawA dAG salinityet CI §% &S

o
et
do

zZt=nk (Fig. 13). ol2]gk A= o] AHEoA AMATF HAE 510 Ho] A

o st =0l Er} REak] ghol B34 ABsto] ks sol=dolE dele] o

a FFS W YA FES A g ARAIOC Expedition 717 &<t o] ZHE

A b selmdolE NRE AgA g 2@ Aus oldd AN 3

Salinity (%o) CI- (mM) SO (mM)
030 32 34 36 520 540 560 580 0 10 20 30
— 5 = : :
8 g o o
O O O
[ O O O
£ © o o© ©o
_T:’ O O O
a ] (@) O
A o o o
2. - - - -
O O (@]
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3 . .
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o 0O ot &
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< o © Q ©
E @] O O
a @) @] @)
A o o o
2. - - - -
O @] O
3

Figure 13. Downcore profile of salinty, Cl, SO,%, alkalinity, NH,", and PO,> in
the pore fluid from Site ARA10C-St 05 and ARAI10C-St 07.

) 7k stel=dolE ¥ 3t
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7bs stol=dolEe GEFS WA 42 A TS5 Cl FE (G 7h= &fol
=golEVE EAste HAST A FEF T Cl 5% (COE °l&3t

HAEU = E3E o] = 7h: stel=dEolE X3t E (Sp)E Eq. 28 A &3
of A4kgt 4= 4t} (Matsumoto and Borowski, 2000; Ussler and Paull, 2001;
Malinverno et al., 2008; Torres et al., 2008, Bahk et al., 2011; Kim et al., 2013).

Sh:[ﬁ (Cb7 C%)]/[C% + 18 (Cb 7Cs)] (Eq 2)
Gyt Wid &= Cl &%, C 1 7k stol=do]Eo] o8] F&Fe e o5

Cl &%, D 7t StolEdolE Fge] 93 WE WIE BRAIE A
Malinverno et al., 2008; Bahk et al., 2011, Kim et al., 2013).

—
=
[\
a1
=

A28l ofgf whEEoA AFHT FFFET 7t dtol=HolE gl o 3
Wz ok = F549 Cl F%E 553 mM=Z 7FAsted A3 ARA09C-St
067 A" ARA0IC-St 162 7}~ slol=golE ¥3% (S,)2 Eq 29 2 &3k
AlAbetE, 7k~ stolEdolE ¥l ZbZE 7%l A 26% (n = 8 Ht = 18%) W
At 2% A 44% (n = 3; Hat = 18 %) WA E zt=t} (Table 7).

6(‘)]:

o

Table 7. Calculated gas hydrate saturation (Sy) by Cl in the pore fluid from
Site ARA09C-St 06 and ARA09C-St 16.

. Depth Cl Sh
Site
(mbsf) (mM) (%)
0.39 432.0 26.0
0.40 482.3 156
0.87 512.4 9.1
ARAGC-St 06 113 472.2 177
1.23 522.5 6.8
2.03 4119 30.1
2.32 462.2 19.8
2.40 462.2 19.8
0.48 512.4 9.1
ARA09C-St 16 1.10 341.6 43.8
2.00 542.6 2.4
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t}) SO,*, alkalinity, NH;" % PO,

ARA09C Expedition 717t B¢t #F st £A13F 349 SOL =+ 22.0 mMol
Al 281 mMe] W91E 7HAH, CI 5% fARgE AH A=e] e F44¢ 5%
W3l AgAgde Helth oy e sy SO sEe AEd wE 47 WEE A
3l EFol EAetE ol wowA B gl F5E Algste], daAow @
T & B4 vE5E gHote 4FES T UAS AAESH (Fig. 10). 184
ARAQ9C Expedition 713t &< ]3] s+ 3l
WS NH) 5=E 54 uMollA 181 pMe W9 Z PO HXE 0 uMolA 3 uM
of WelE ztal, HlwA AF Aol ddglel AT =5 zZe=v (Fig. 10).
Aol A AF g s alkalinity, NH," 2 PO, F%:= Clelv SO s=el vl
&l 5ol EAste ol 53 "W Aol o3 ol AR H5E A
\kia=

FTolA dAHeRE RbE fF7lEES A HA HHH olF uAAEFEd 9
Ealgth nAAESY o3t FrIE Za7F HAE oA 24w Figure 144
g ke A2k =84 (electron acceptor)E ©]-&3aL, o]&3l= AAF =& Ao u}
2} B A3 83 A9 (chemical zone)s T3 4 Ath HAEUANHE T4
3tk Ao ueg nAEES A2 tE X HkS (biogeochemical reaction)
I5te] {7122 et (Fig. 14). d¥bd o g F k4 (anoxic) 8749 3%
EAZRAAA A ol HAHE F7]EES Egs. 39 4 22 fU1E A 4

Z+-& (particular organic carbon sulfate reduction, POSCR)¥ CH, A4 2H¢ (ME)

4=9] alkalinity= 2.4 mMo| 4] 3.4 mM&e]
o

|

o

o o8] = Eal¥t} (Claypool and Kaplan, 1974; Berner, 1930; Borowski et al.,
1996, 1997; Whiticar, 1999) (Fig. 14).

POCSR : 2CH,O + SO/ — 2HCO4 (Eq. 3)
ME : CHO — 2CO, + CH4 (Eq 4)

POSCR¥ ME7F Hol&= +31Q1 &abd-vlgt Holxja (SMTZ)lA = A=
Eo] SO/ ¢ CHyE Tl WA &A= o] 83t Eq. 59 22 AA|3hsk kg0l
s frlEs Edlete HE Ak Abst A8 (AOM)o] doldtt (Reeburgh,
1976; Hoehler et al., 1994, Borowski et al., 1996, 1997; Hinrichs and Boetius, 2002)



Electron acceptor Respiration process Chemical zone

0, Oxic/aerobic
respiration e
L] ﬂ »
7 NOy~ Nitrate reduction Nitrogenous
n0,
Manganese reduction Manganous
OH Iron reduction -
Farruginous
S0,
Sulfate reduction
Sulfidic
Methanogenesis Methanic
Cco,

Figure 14. Cartoon representing the depth distribution of common electron acceptors
in the environment, the names used to represent the zones where these

different electron acceptors are used and chemical zonations (from Canfield and

Thamdrupd, 2009).

(Fig. 14).

AOM : CH, + SO/ — HCO; + HS + H,O (Eq. 5)

dutrow A o HASNM LA ddo] MAEEe] R frle &

ol

i 2Fgo] FAER A gl SMTZ A=A &5 £F3c=
alkalinity, NH,'¢} PO/ %+ ZF7}3ioh
B TS SO RS EAEe], SO w7k 0 mMel H= A

SMTZ Al %=
== 94tste] AA 3t} (Borowski et al., 1996, 1997; Kastner et al., 2008; Kim et
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al., 2011). ARAO9C Expedition 7|3+t &<t AF 8] A3 a9 Ao w&
SO/ & WEE olgdte] 7+ FojEeo SMTZ AHEE A4tsd, ARA0IC
Expedition 7]t &<t ofgf2 wmpzol o wiEd AFom o3 AA

ARAQ9C-St 088 A H 3 BE FF5 AREL SO FE7F 24 mM ol 9] =&

FEE 2 glom $AHYY] B of ARoAE SMTZl £9sA Eahat
(Fig. 11). 28t 7h= stel=dlo|2g LFaA 2t ofehe wegs A=A
AAstel A FF5U SO7 FEE AR TE AEelA 0 mME 27 9ol

B AR Eo] SMTZol =23ttt (Fig. 11). 2+ Ad ¢ SMTZ Axs 43 F
F4U SO FEE o]&3te] AXtsld, 4 ARA0IC-St 04% oF 1.2 mbsf, 43
ARA09C-St 07< ¢k 34 mbsf, 8% ARA0IC-St 12%= ¢F 1.6 mbsf o]z HA
ARA09C-St 14%= <F 1.1 mbsfolth. ®=3 A ARA0IC-St 04, 43 ARA09IC-St
07, % ARA09C-St 129] ¥43 SO it A= wel AA A 71x9 SO
T 71e7] WstE 7FA & concave-up d&Adol #AHAT (Fig. 11). A X o
4% S04 w= 71&7] WEE AAE AuEd A WA 127 Wsts 43
ARA09C-St 04, % ARA09C-St 07, A% ARA0IC-St 129] sfAH FZolA Z

7} 0.2 mbsf, 1.0 mbsf, 0.4 mbsf A= F7tol A #A=HE= Ao2 SO F=7F &

G4 AA Amel guglel wad AAF % 2AY AEst dolAsE oA

o

il

=

T34 2e ol mleE AHEAAM BHH T AFH ATl mE SOS
=9 fFAFSE ®W3lE= Northern Congo Fan, Argentine Basin, Arabian Sea, Gulf
of Mexico ¥ #Z2 AJolA AFste] £A3 F=FolA®m BHusAtt (Zabel
and Schulz, 2001; Hensen et al, 2003; Ussler and Paull, 2008; Nothen and
Kasten, 2011; Kasten et al., 2012, Fischer et al., 2013; Wilson et al., 2014).
Ussler and Paull (2008)2 Gulf of MexicodlAl #&E T4 AFH A= ma
SO %9 concave-up W3 AL FHoA AR=E o= A A H%
Zo| o8 SO X7} non-steady stated] $1X37] wiiol HAHAL A EAA )
E 3 AR olEste 7t fE el wel SMTZ7E ®skstivha a4 skl
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upel ks sfol=gols gHatA ke ok whe= AH ARA0C-St 04, 4
A ARA09C-St 07, AF ARA0IC-St 12014 #&H Ao wa FT3+5U SO>
TE Wsh= ol e Ao ot dojtt.

ARAIOC Expedition 7137F &<¢F ofgb wmhg=ul Ax  ARAI0C-St 059
ARAI0C-St 07914 AHA ko] A3 nE 35U SO == 22 2 mM¥ 5
mME Ut} £ (Fig. 13). webA o] AH B s 243 ZE T35 SO 5%
TS e dS s SMTZol =9elA FEatqdth. 2ey “3.0 20 HS9 VG &4
oA 7l&d wpel o] o] HHECA AFHF HS st B4 AdeE AA-
ARA10C-St 079 13 mbsfallAdl CHy S%7F 17,077 ppm vol. ©]Ato]
ARA10C-St 07¢] ¢F 1.2 mbsfoll 4 CHy, ¥ %7} 7,400 ppm vol. o]Ao & uf$-
o} ol9} & HS 7t2d 22 CHy 5% 4 Z23e 7 A3 25 SMTZ =9

R

~
3 SO FE7F 28 mME =L 35 93 FE57 LdFH9 7] wEo|) o] F
Ao A BEAE SO Tro Axo wE Wil dAS ARA0IC Expedition 7]3F
et 7t Spol=golEE WSR3k ol v A ARA09C-St 04,

FEO Aol wE wsh 4T W) 5zd concave-up A FAF ol IEEQATE whEhA
AR AR mE T SO Tk Wsk FFE Ths dtelmdolEs
FA] 23 g2 olgt nle=o AHFES] TF5FW SOS E WHE SA4AY

SRl A GRE oFSE e skx fEF o ARF FIF A oI

o

_

o
=

)
ot
b

SO& % %7} non-steady state® &S A A &t}

A7 ARA0IC-St 067 B7 ARA0IC-St 169 RE F5FF AlgolA SO B&
b AEEAT (Fig. 11). £9 3o & ol&sto] A3 ARA09C-St 063 A
ARAQ9C-St 16914 HA = Fo]E s AHolA Hdo R 3asts e o 3 2
T wgrt BT ojgfsk e W 2% Wsld 93] FolE IFsteE v 7
sio] ol EAet= 7k stel=dolE g rh ol HAEWolA HAste] EH A

=yl =79 Cl ¢ salinity slFRT @2 &5 2=tk =3 A4 ARA09C-

K



[
ol
o

r
=
o
m
)
O
iy
ol
ol
p‘L
iy
K
s
k)
o
iy
=
(T
of

Te BAYAA FE Tt
Fof ol Wl Fre g FdT £ ' 2AS AFEh vkl mojy) vk §lol
slelell 98l SO FE7F 28 mME ¥ dl7 2o gloly HYstd

FTE L9ANA FFFU SO FEE TUMARIG wEbA] ol e A
713 ddEol ofs A ARA0IC-St 067 4% ARA0IC-St 16014 A5 5}
Mg 55U SOL FEE olgste]l T A A SMTZ A=Es FH37]
offrh. 2y F A A AHT HAE FolE @FelA EAst
st =g o] EVE 0.5 mbstHE #HEEQTE AW o2 Tt sto] =g o] EVL F AW
FH A B A E HHE sl A2 fFrdske CHy ol v

7] WEe] SMTZE 7l dlol=dol 28 g Juur A% Qoo &)

N

A

i

TFFol A Z=AF alkalinityd %= 2 Alxo] wE alkalinity 5% 7]&7] W3}
F71Ee] sA™ EH F POCSRe]
E Rt slAE HH 5 dojud, SOf &= AWl SMTZ

A F57 AF A7 ZAAFE sE7F s AR alkalinity T 3

S 7kekth. POCSROl 9] &) alkalinity 7} 48744

TFFY AR Aol wet ZAasE SO 1:29] HlE 71A AL alkalinity 5 X7F

M xS SMTZ7HA A A ow S7hdhnt. ek SMTZ <ol A= i As

£ AOMel o9& #23dl= S04 X9t S71eE alkalinity X% 1:119] 71 &=

7FAA  alkalinity &%=7F S7betth gbde] SMTZ 5ol A& ME7} alkalinity &

BAEA) Bty wjiol alkalinity ¥%=E SMTZ9 H]Z$=ati, SMTZ sh-ol A=

T AH Aol W alkalinity $% 71 &7 SMTZ 7 B SMTZel H] &)

o] §- 2o} wEla] dRbE o R alkalinity s %= SMTZ FolA 30 mMolal H4

5t 7)1&7] W3yl #E " (Borowski et al, 1996, 1997; Kim et al, 2011;
Solomon et al., 2014; Torres et al., 2020).

it
£ 5

2
N
>
k1
)
)
Y,
-
B[l
off
k1
N
Ol

ARA09C Expedition 7|3t &St 7k glol|=g ol EE W s#] X3l olg2 vlg
ZoA AFHste] BAS T2 alkalinity Hx=0] Wik ZF HAde Ard WHIE
AHRHE (Fig. 11), 438 ARA09C-St 08, % ARA09C-St 142} ARA10C-St 07

o] F=4Ul alkalinity 3%+ F555 AHAST A7 dojd4 = alkalinity 5%
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7 ARA 0w Frtste] 72 A w5 AHT HoHH AkelA alkalinity &

e 727 8 mMeb 28 mMZ Zbeth whwe] AW ARA0IC-St 04, FF

=9 Ul alkalinity

I Zodss &7t F7hsko
I %o

4= alkalinity &%

o>
=
>
o
Ne)
€
wm
—+
S
Q
&
o
juto)
>
=
>
o
Ne)
€
wn
—+
—
o
2
>,
Wi
\[ -
e
ol
ol
2
M
4
rot
of

TEE AAHAANEYH 55 AFH A=
mid-depth maxima #< 7}d &

= "y dASFAY  ogFstAl fasteE A RoFEg 9 M AHAAE
(ARAQ9C-St 04, ARA09C-St 073 ARAQ9C-St 12)°] alkalinity &% ZHUHgHS 7+

ANEs= 28 A-PES] SMTZ o2 77 1.0 mbsf, 3.85 mbsf, 1.65 mbsfo] iz,

il

rr

HAo alkalinity =+ 27} 31 mM, 34 mM, 29 mMo]t}. T3 9] Al HAHEA
Ao w2 alkalinity sX=2 7]1&7] WIS AAs AHRW A Jle] alkalinity
s 7187 W37 WEs] #EREAY (Fig. 11). 3 HA alkalinity 5% 7] 27| &
AHeZ2HE A ARA0IC-St 049 -5 0.7 mbsf7HA], A ARA09C-St 07<¢]
3% 1.0 mbsf74A], A5 ARA09C-St 129 4-F 0.4 mbsf7hA] #ZE ) o] -7k
A alkalinity ¥ %5 579 AH AE7F doldgE vwA evtd 7|er|E Tt
A MM el F7hhe = HA alkalinity %= 7171 A3 ARA09C-St 04 7%
0.7 mbsfoll 4] 1.0 mbsf F3FlAl, AH ARA09C-St 072] 4% 1.0 mbsfolA] 3.85
mbsf 7kl A, 85 ARA09C-St 12¢] A 0.5 mbsfell 4] 1.65 mbsf T-7kell A &
ZhE ok Alkalinity &%= o] FRrelAl 59 AMA AE7F dodss 5245
Z7tete] + WA alkalinity % 71€7]+= A WA alkalinity % 7]&7] 13|
)¢ F3k 71 & 715 Zteth Al WA alkalinity % 71271+ A3 ARA09C-St 04
o] 7% 10 mbst 3, A ARA0C-St 07¢] 72 385 mbsf 34, B
ARAQ9C-St 129 - 1.65 mbsf s}F-olA #ZHAT. o] A% 7= =55
o] A A= AoAA WA oudE alkalinity % 7]&7] Wyt @A ek

=]

o

2
T

.

Hog I AF Xl A#flel alkalinity vt D3 AY FakA 7
Atk ARAOLIOC Expedition 717F &<t ofgb2 vh=ul 45 ARA10C-St 05 4]
AT TF59 Ao W alkalinity % W3} 94 44 ARA09C-St 04, A H
ARA09C-St 073 85 ARA09C-St 129 &= AHA A=l W& alkalinity 5%
Wslel w23 Aakgdo] BAHUT (Fig. 13). A718 vke} o] alkalinity ¥ %+
POCSRell ol&f 7= a7t sfiAdol A7 dojupd SMTZ el A alkalinity

sk 717l 5A% wErF BEE= Aol Akl dARld, o Ul A ElA
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-
o

A HAARE SMTZ7HA F We] 717 Wslr
FE WEhE SO
ot wEka] ofehe wh oA A FH e
AA SOL = A= WA FHel A
A Al gkt

ey

-

= Ul alkalinity 5

il

0] 0 9

2= =1
Az A HF

A3

9]3] non-steady stateol
f-AFSE alkalinity

P~

sk =

Althell  whet dsketa,
POCSR % AOM¢®] A7]7}
| H37E A7 wpel ol
= O s
]

1=

L7

o

57 2=
- S L @]}\

o 17T

-

5 7o

alkalinity %2 A %9
ofgt whE=o A 7l Slo]l=g o] E
7h2 slol=d o]l E aglol] ot

1~
=T

3 3 v alkalinity &%
Ul NHy'¢F PO = HAE WellA 718 23l o3
ol 4 POCSRo|1 ME7}F dold 75
PO/ F% A F7heth whEba] SMTZel =

Al &

-

k=
=

00}

@ A4t
25 %)

o)

A, [e)
=)

=] A

1R wheE Folg

Ao mE alkalinity
5 W3l 7]ttt

%:51

2 dZadnh e ojere
A7 ARA09C-St 07=

=
[}

o

CEIRE

ol #AHJTH (Hong et al,

=

o -

7127

W stoll whef e A
Aol ofyzl A A
o doju=
alkalinity &% 7]
A2 8f ofgh wh

| s3t= CHy

)=
-t

[e]

olko}
REIIS

t (Fig. 11).
stz wEol E

of we} alkalinity &%=<F At

S olete o= g4

3L 12~

o 1T A]E;E%

u}
A <] 5}

g Apel7E w3

[e)
==

k=t} (Figs. 113} 13).
A" ARAQ9IC-St 072 2.7 mbsfol A F=FU Hd NH, 5%

S5 7 %



Zold42 NH) wE7F #add wde 335+9 POS sEE AH
ARA09C-St 04, 8% ARA09C-St 07, 43 ARA09IC-St 12, 44 ARAIOC-St 05
¢ ARAIOC-St 07elM = A7t zojdas dAvrdom Fwwrl F7lsts ol
HEE a1, Tt Fol=dolEE e A ARA0IC-St 067 HH ARA09C-St
1694 = = AH A= e F28 355U POS & Wy ##sHA
&=tk (Figs. 113 13). 33U Ad POS v%+ A ARA0IC-St 044 200
Mol (Figs. 113 13).
nAE ZHgo] X3E frlE B8 AEeo]l HHF A dojd o, FAER ¥

o] AAEE §F ©24 (alkalinity), 9EF (NHy), ¢ PO/ ) H&L
Redfield ratio®l 23] 106 : 16 : 19 H]&S Zt=vh (Kim et al, 2016). ofgk& v}
=o)X ANFHste] EAF FEGo] SMTZ Hold Ao alkalinity v%% 30
mM< zt7] wjiol, FFFU A NH 9 PO 5%+ 242 45 mM3} 300 pM
o7 ottt 1y ofEk mhEoA AFHE] BAS =559 Hd NH)
g} PO/ sEE dFF AT m$ @$e fgS 2t (Figs. 113 13). ol
ol Al = NHy'9F PO, %5 &vlat

= E O A5 W] HAZ YolA dojum Jee AN e @)

(2h 80, 6D 2 §"Cpc

ofgb2 mhe= AH ARA0C-St 042] =4 600 mel A ANF 3 52 %0 = §
D Hl&= zHz} 0.28% 3 3.72%°] 3L, 8% ARA09C-St 08¢ 441 805 mollA A3 3t
=2 %0 = 6D Bl 27 0.26% 3 2.64% 01tk (Fig. 15). F A S A3 g
= AlEe] AFH AR gEAn B4% % 9§D Bl wud fAks) §%0
9} 6D W& AT F A Td A=A AAT ¢ AEES B §Coc
= A" ARA09C-St 049+ ARA0IC-St 084 z+zF 0.26% 7 0.16% = =4 ¥ 2t
(Fig. 15). §"%0¢} 6D w1AH )2 FA 6Cpic Bl GA F Aol A vz &

bk ge zech

>
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obeb2 wh-= G ARAIOC-St 05¢F A4 ARAIOC-St 0704 AT &=
5

o] §%0 ¥ 27 0.26%°1 41 0.68% 1 Weleh - 0.07% A 0.12%° HAE 7HA
AA Wsteta, F=9 6D Hl= 7z 1.44% 14 2.02%0¢1 ek -1.30%0°ll A
0.66%° WeE 7HAH Waeth (Fig. 15). 49 ofehe whi= T4 §°0%

6D M= dubd o ofebe wh = d42] §°0sk 6D W]t W] Zzajt.

330 (%o) 8D (%o) 813C (%o)

-0.5 0 0.5 1 -2 0 2 4 -40 -20 0 20
0 T D O T T D O T R T L J AI

oy

.
O O . +
.

. A

2r O O ¢ . +

@ ARA09C-St 04
€ ARA09C-St 07
A ARA09C-St 08 -
== ARA09C-St 16

O ARAI10C-St 05 .
A [0 ARA10C-St07 |

Depth (mbsf)

A

6

Figure 15. Downcore profile of §%0, 6D, and 6"Cpic in the pore fluid from Site
ARAQ9C-St 04, ARA09C-St 07, ARA09C-St 08, ARA09C-St 16, ARA10C-St
05, and ARA10C-St 07.

ofgh& mhe= A% ARA0IC-St 063 ARA0IC-St 1691 AH3 &=
salinity¢} CI' 5% &4 Ady= F AHdA AFAS =771 H4E Fo& A3
g Bet HAEY EA5E 7t slol=dlolEe] s o8 e Jege gk
o8 AA L (Fig. 11). 7k slol=do]E dlgld o&) HAEz wEy= &1
£ BFFe §F ol wREW okt 5508} 6D MolE JFS Frh dubxo
2 7t stel=dolE dlele] s T4 6§50 6D w7t dgS wow vhs
o=l ES i3 HAE Tl T §%09 §D nlE 7t dtol=g o]
ES ¥gsta oA &2 HAE F7re] T §%09 §D Hle] HlEte] HAE
Ul EAlstE 7t stol=dolE @abe] whet WA ow ok §D Hl7b Fvts)
A 723 (Hesse, 2003; Kim et al, 2013). webd &= 6%0¢ 6D Bl=

HAZW 7k stol=dolE H-ES AAShs A8e A AR @ol] ARERT 1L

(o4
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gk ‘Al 34 FA W oA d7]g vkl 2ol ARA09IC Expedition 713t &<t
ofgle wlE oA AAFHI FI5W 8809 §D ¥ ¥A S Kitami Institute of
Technologyol A1 AA8712 &k ol BuMs AT uf 7% FF52 §%0
o} 6D ®A o] R HA olr FFFUY §%0% §D HIE o] &38to] st Ftol=g
oJE FE oFE A & glth. 18y ARAIOC Expedition 7]1%F &<F ofgh

nhe-=o] A ARAI0C-St 059 B4 ARAI0C-St 07914 AFste] wAg T4
Ul 80k 8D W= s el AjF Aol whE e §°0s) 6D mle] T7F EE
Has wEakA Rkl T AACA B4 BE T PO 8D Ml T

7 AF Amel Adagle]l vl dAS s Zett (Fig. 15). webA o] 7 A A
oA A% FF4uU §%09 6D vl T AR HAEY 7t dlo] =l e}
ZABHA Fas A g

ARA09C Expedition 7]%F &<t olgh2 vezolA AFHI T4 43 §
YCoie Wl AH ARA0IC-St 04014 - 388% 14 - 7.60%< WAS, A
ARA09C-St 07914 -381% 014 - 22.6% 2] WA=, 4H ARA0IC-St 08 A=
-20.1% 14 - 1.3%< WS, A ARA0IC-St 16914 = -12.2% N4 2.9% < =
915 Holm wWstettt (Fig. 15). SMTZo| E9stA] gk ofgh2 wh=eo] w4 A
el A ARA0IC-St 089 &l 6¥Che HlE o35 A A7t dojd4=
otk a8y AH ARA0IC-St 049 A ARA0IC-St 07914 F55U 6§
BCpic Bl 0.7 mbsfe} 2.7 mbsfol A #4535zttt (Fig. 15). 8% ARA09C-St
04¢F 43 ARA09C-St 07°] SMTZ7t 747t ~1.2 mbsfet ~3.4 mbsfQl & e
g, T AHY FFFY AL §9Cpe ¥lE SMTZ F-olld zhet, dubgos
SMTZ el A= BCrh w9 vhe g 7] (< -60%) CHyZF AOMel| #of 5o
F1ES Balay] wiZd, ¥ A" §YCoc %> POCSR T ME| <3
JaFs W= §BCHe HlETE w9 e -30%, "wke] e zE=t} (Borowski et
al, 1996, 1997; Kim et al, 2011, 2013). w&}A o}t wle= AH ARA09C-St
049} 7 ARA09C-St 079 A =o] W F5F §¥Cpe ¥ W3l FA A F
Ao SMTZol =LA &S HolFe & & FAoth

7h2s dtolEdolEE S ofgbR b= AW ARA0C-St 16°] F=Ful 6§
YCpic ¥l 0.35 mbsfoll Al H43tS 2bar, 0.35 mbsfoll A oldlell = &4 A

NEh FABEE §5Cpe M7k Bk AGH0l BAAT £ BE ofgte v
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o] = 5L
+E AHEY TF

W 8%Cpie vl 43 ARA09C-St 162 T 6¥Cpic ¥l
7F owig =2 #e Zev (Figo 15). A7]gh vpep o] SMTZA =W §
BCpie W1 -30%Hth W& HEgs 2t SMTZ a5 AZ7F ZojdF= §
BCpic ¥17F Z7Fsk7] wWiiEol, A ARA0IC-St 1691 &5l 6Cpic Wl Al ©
ARl SMTZ A%=7F 0.35 mbsfRt} Ao X3S A Agc}, olejet A=
o] FHoNA AMHsA EAG FFFIL Al 29 L Tk ste]l=dolE g ¢
& AlstA Qe ol T4 BAF SO FEE ol &dte] SMTZE F4317]
FEAAR, A ofghol A A HAE F;ojox 7t sto]EHOlEE 05
mbsfi-E #2359 7] W AHd ARA0IC-St 169] SMTZ7F < 05 mbsf& HIi
of 1xlgtthal siAet Ae ek = ot FAo|th

ol

_

0{1

olgl ml= ™ ARA09C-St 049} A ARA09IC-St 089 = F3sle] H4
4ol YEF (Na), vtadlss Mg?), 28§ (K), 2% (Ca?), 2EEF (Sr), 9
(Li"), B2 (B) o] F=9 Alxo] w2 W3} S-S salinity 2 Cl v% H3}

T ol A HEgS A, 23Ol 300 m7t A= A E7F oA
5

7 FoleE Frrl mud AT GS 2T (Fig 16). BekA 5o A=
o W& Na', Mg”, K', Ca*, Sr*, Li'¢l B9 &% Wi ®3ol =438 o)

fgstHA wiEstE 949 34 Zg AdiFo] HZ FolA et

A Z ol (HsSi04) F=+= A5 ARAC-St 049 F3 ARA09C-St 08¢ 2H7t
80 m¥ 90 mol X AHAZ ol M HAgs 2ttt (Fig. 16). AFH T 2 9]
FZF (Mn) 2 & (Fe) %=+ 247 0.05 pM#} 05 pMET e 55 ztom 4
ol @Agle] s dAsitt (Fig. 16).

ofgb wh oA AT THFU &F dolR TR WItE Jh: stolmyolE

oH

= 2435 " ARA09C-St 067} ARAQ9IC-St 089 A= 7} slol=d o] E 3f g o
o)gt o Mo wE Fgldh Yol T W3l #EEA Fe=v (Fig. 17).
gy o] F AHEE ALkl ARA0IC Expedition®t ARA10C Expedition 717F &

St AAG olhe wlers e FAS] FI4UY Na'sh K9] 5uE Angosn
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Figure 16. Downcore profile of Na®, Mg?, K', Ca*, Sr*", Li,” B, Mn, and H;SiO,
in the seawater from Site ARA09C-St 04 and ARAQ9C-St 08
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Figure 17. Downcore profile of Na', Mg®, K', Ca*, Sr*’, Li,” B, Mn, and H;SiO4
in the pore fluid from Site ARA09C-St 04, ARA09C-St 06, ARA09C-St 07,
ARA09C-St 08, ARA09C-St 12, ARA09C-St 14, and ARA09C-St 16.
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Figure 18. Downcore profile of Na®, Mg®, K', Ca*, Sr*’, Li,” B, Mn, and H;SiO,
in the pore fluid from Site ARAI0C-St 05 and ARA10C-St 07.
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Suoll A eated H A (carbonate precipitation @ HCO3 + (Ca®, Mg?, Sr¥’) —
(Ca®, Mg”, Sr’)CO; + H)ol TAste] F=42 Mg*, Ca*, Sr*' 7} &2EE7| o
2ot} AAZ  ARA0IC Expedition 713+ B oL nlezeo AHAES
(ARAO9C-St 04, ARA09C-St 06, ARA09C-St 07, ARA09C-St 12, ARA09C-St
14, ARAQ9C-St 16)ol4] AA B2kt (authigenic carbonates)©] WAl oz}
A oA F:o] HAPAl Zo] #IEFHSATH (Jin and Shipboard Scientific Party,
2019). webA ofeh mbp= AlF FHA 3|43k so] HAEA #EI A
e orEe AHE HAHE o] do] ol FFFU Mg, Ca®', Sr*' 7 St
ol (HCO3)# ZAFsto] vitdet do] A B Ao A&HAor oo
Ui des BolFe AFHA SAon A B@Ardsto]l HAZ WA A A
B2 o alkalinitys A 2RI 7] Wil A Aol A ot mpE
= AHEo = POCSR % AOMel olajA &=Fulo] AAPE alkalinity ¥%+
=A% alkalinity 3E=Ht 5 Zo® AlgdEth

obgh mi=dl v AAEol v w7 g B3 ARA0IC-St 089 &=
Y Mn % Fe o] F=7F vl$ =t (Fig. 17). o] AHoA = #7]g npe} o]
AT :o] Aol oA SMTZol =&etx] 3ttt webd &=5W Mnd} Fe
TE7F EL olf2E o] HAHAA POCSRe] =7l Zod4= dojuAnt 23

2
ules
~{

Aago] jAHAAN Fr=5s Bl w, nAEELS 348 Aol we} vk
A2 FEAE ol &ste] F7ES walA Y. Ao
|2 stue] A FEAE EF AR § uE AA FEAE o]&she Wheol
dojup= Aol oyt wkEEo] M2 FTHE dojdt} (Canfield and Thamdrupd,
2009). wekAl 4 ARA09C-St 0894 &= POCSR¥ Mn/Fe 2 ZFgo] 3=
st o] AHe FF4Ul Mn 2 Fe o] FE7b vl$ =& Aoz AR
A ARA09C-St 04, dH ARA09C-St 07, A ARA09C-St 12¢F AH
ARAIOC-St 079 A= o= AH A=7t dojdas5 35y LiT 527 34304

et
g

o2 frashe AEdol #EEI, AH ARA0IC-St 0804 &=+ Li" %7}
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AAPAMEY T AF ATt dodFs A8 F71ske] 4 mbsfol A A

Fe 7H 5 4 mbsfRt 2 ARoAeE 55 AFH AR HAAdSE L

T7F fashe AgAdel #EEnt (Fig. 17). 4H ARAIOC-St 05914+ =54
A

Li" #5v dAHAA 1.0 mbst7h#] Axe] wet LiT %71 dxde= 7t

olf  »&

mbsfoll Al Li" %27t 7217] 2718 & Awrt Z2ojd4E LT Y27t A
(Fig. 18 ). L ¢ AAEAANE T35 AH A= &
i v Wyt Felo] #aEA gEvh (Figs. 177 18).

4% ARA0IC-St 04, AH ARA0C-St 07, AH ARA09C-St 087 A=A
ARA09C-St 12014 AFH 3 =49 H,Si0s %+ mid-depth maxima’} #Z5]
, 9 AFEAME T A Ao wE F8l3 HSi0, WEF Aol #E
HA =tk (Figs. 179 18). ofeh2 mhtollA AfH st &41g 352 HySiO4
&

0.1 mMET & Hs 333 ), ofgp2 vk

3
s Agdol BaHEy

=

=

[
lo
ot
it
3
R
s
%
S
o
o

oulgitt, #FE T HSIO B %7 & AdS stue HAEY
silicate mineral ¢l 38 B2 ol&E5o| HAEY FAle wkgste] gol2ES
T2 HE3= marine silicate weathering (MSiW)o|t}. & A 7bA] H.a1g wv}of
ol3tH MSIWE HAHEY FAkA (anoxic) A MESH A 2Astw, o] dbg-
AedelA dojd W SMTZ s A kolAe= AFAT =59 alkalinity &
=X 9 =713t (Kim et al, 2016; Torres et al., 2020). 181} ofg}2 nfL=
o] B= QA= SMTZ st Akeld A &= alkalinity &%= <71 @
dol #EEA Ferh kA ofgkR mbmoA AAHT FFU =2 HiSI0.9
B X MSIWETH v felel 711gk lolth, aeu A7 £43 &=
Az EWE ol gdte] T ¥ HSI0S B w0l oish dde FHshr]de
nEetth. ek FE EA4T aag AR HAY 2 HAE A5 e 2

e BF A7/ 2712 e,

2
A

k)
e

(X)) 'Sr/%sr
olg}L mh&= AA ARA0IC-St 04914 HFA T 3152 ¥Sr/SSr vlE= 0.7091490 A
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0.70922¢] ®WE zta, AFH 5= AFH Amol FAGle] ®lwEH AAH3
81Sr/%Sr ®E  ztE=th (Fig. 19). ofgbe me= AH ARA0IC-St 04, AH

ARA09C-St 07, 44 ARA09C-St 083} A ARA09C-St 16914 ANFH 3 &=
B35 8Sp/5Sr w2 Amrw A ARA0IC-St 04914 0.70915¢1 4 0.709192]
HeE ARA09C-St 071 A4+&=  0.70913°1 4 0.709172]
ARA09C-St 08¢l 41& 0.7091301 41 0.70917¢] E9=, A5 ARA0IC-St 1604 =
0.709171 41 0.70918¢] 9], A ARAIOC-St 05¢14%= 0.70918¢] 4 0.70920<] *H
9], AH" ARAIOC-St 07914 070919914 0.70920¢] WS ztow wW3sit)
(Fig. 19). #4138 & APEo T35 ¥Sr/SSr vl dnba el a4=9] ¥Sr/Sr
(0.70917) ¥1¢F AL (Kim et al., 2016; Torres et al., 2020), ofe}& mt= A
2 ARA09C-St 04014 A3 sla=2 FSr/Sr ot FAlstt} ofghe mp o
obehe mh oA A ek vlT
¥Sr/PSr vlE ZEa gl7] wiiel, ofghe mire BAE FH49 FSr/MSr vl

al
TR} FH oS 719U A EE E g2 Z=A 0|

3% EEENEE
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Figure 19. Downcore profile of ¥Sr/*Sr in the seawater from Site ARA09C-St

04 and

in the pore fluid from Site ARA09C-St 04, ARA09C-St 07,
ARAQ9C-5t 08, and ARAQ9C-St 16.
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T YSr/Msr vl HAEGOA dojus ket £4 28 2 water-rock
interaction =& thE 71YS 2t fA £ S o8] W3Estl (Torres et al.,
2020). oteb whE=olA AHI TS HASF £A AE&S rEer] 9
Sr/Srat 1/Sr* ARBAE =AY (Fig. 20). 243 &9 ¥Sr/SSre}
1/Sr" AaaAE A Ed A" ARA0IC-St 16914 43 sty 55 Al=

Q_Iﬂ

& AYstr e 5550 ARA0C-St 04014 A H & 39 vls=g do =
Al®t}h Figure 202 AHAI3] 23 Ed 4 ARA0IC-St 0714 1/Sr 7 e
S5 TsrMsr sk AMA o fashs ZWAel wANAW, v FHEAAE
TSr/USr Vs 1/SP kel ol A R ARRAL BAE A it oleld AdkEe
obehe he= 4 AW AR T s s1ge] Ak, HAgol oAw

ARA09C Expedition 7|3t &b WA ofepol AFAoA Hist A
ARAQ09C-St 169 HAE Fojolr] w2 AA i ds 239 (Jin and
Shipboard Scientific Party, 2019; Kim et al., 2020). ¥4t X wh$-o] H A&

ol ol ), TSr/MSr HlE b JFF THF A

ﬁd
9
=2
R
e
M
L
ofo
=
Q

o

T
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Figure 20. The correlation diagram between *Sr/®Sr and 1/Sr in the seawater
from Site ARA09C-St 04 and in the pore fluid from Site ARAQ09C-St 04,
ARAQ09C-St 07, ARA09C-St 08, and ARAQ9C-St 16.
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~ |
1/Srr'e] AaaA = A ARA0IC-St 16914 AH S FHHE 0] Aol oA

WashA @iy WA wgol dolutm 9es AASGE ® B A0t (Fig. 20

(2) % m=a =%
7] 2 A3k Expedition @ ARA09C Expedition 7|7t ¢t HE3 A F&¢ @Al v
A2 E ek 23 4" ARA09C-St 203 ARAQ9C-St 21oA & wi= FZx7}
HEAEAL ARAIC-St 19914= F mta 7x7F #EEA &ttt (Jin and
Shipboard Scientific Party, 2019) (Fig. 7). ARA09C Expedition 7|7} &<t ¥ A=
AR A FFo® 7t B FAE ol 5 U= AFE A
ol o3 g5 54 Was £Aksk7] fa] A A S Box 2 A A9
% vla Sz (A ARA09C-St 20 % ARA09C-St 21)9F %
ZE A e A ARA0IC-St 199014 E A= o) & ASsIY 3578 FE3A

o} 3 Box 2 9 A9 A HES 7T FAo M e AW ARA09C-St
019] =9 EAE % vla Fx7F #d#EE A9y Hus 93 w4 APdow

483ttt (Fig. 5). A4 ARA09C-St 0lolA = Box 2 A9 &4 %33 EAS
X3517] Qe sl A3 sk

(7}) Salinity 2} ClI°
A ARA09C-St 01914 2N FH S 49 salinityet CI st 22 27.4% 914
36.9% 2 HeF 452 mMelA 563 mMel WelE ztow w3kt (Fig. 21). A3

g 34 Axe] wE salinity ¥ CI Tx= WIE AmuEd, ¥3 5ddA
salinity ¥ ClI ®X7F HE£#S 2t 5354 $4 500 m7hA = A 59
HNE7F ZoA-AF 5 salinity 2 Cl #%7F S7Fstdh A FH S sll49] =4 o] 500 m

Bt 7218 Ao
ARAQ9C-St 019 %= all47F E& salinity® CI 52 ztE o]f-+= ofgbe nf

R

= v d AdAZ salinity 2 ClI #S zZ=v (Fig. 21). B4
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= xRN AHET AFHHE FIol At Aol mowA ALHE HE
Aol oaf a9 salinity®t ClIT FX7F A EHE Gk wol wkgky] wjF ot}
Box 2 817 AHd< A ARA09C-St 013 & wt= %21 A" ARA09C-St 20
¥ v F vl 2 A ARA09C-St 19914 A H S =5 AlREQ salinity 2}
Cl s%5 2t7F 34.0% 1A 35.0%° 919k 543 mMoll A 563 mMe] ®H9E& 714

w F=EE AfF] Axe wE TS salinityt CI =2 =22 <l W3ty o gs)
A B A &=t} (Fig. 22). 28U A4 ARA0IC-St 2164 A s 24

salinity % CI' %%+ A% ARA09C-St 01, H% ARA09C-St 20¥ A=A
ARA09C-St 194§ w2 dAT S ANt ClI sev A gHoA A
592 mMe FEE 2t & 165 mbst7HA TS5 AH AN=rh SUMEeE CF
SEe gaste] ¥4 dAg 563 mMel Cl 555 2zt (Fig. 22).
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Figure 21. Downcore profile of salinity, Cl, SO, alkalinity, NH,", and PO/ in
the seawater from Site ARA09C-St 0O1.
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Figure 22. Downcore profile of salinity, Cl, SO, alkalinity, NHs", and PO, in
the pore fluid from Site ARA09C-St 01, ARA09C-St 19, ARA09C-St 20, and
ARAQ9C-St 21.

) SO, alkalinity, NH;" 2 PO,

47 ARA0IC-St 019] 5w SO FXE 225 mMelA 281 mMe WS 7}
Aw, ClI 5= A 5 AF Ao b $4249 S0 v= We 4gS
Btk (Fig. 21). olgd si42 +=442 SO v= W3t A= AFHI 5y
SO % 9A BTl EAEE o] mowA AR @ FAl g xF
A57F wol Mg PSS AA T (Fig. 21). 28 ™ ARA0IC-St 0101 4]
AH S g9 alkalinity® 2.0 mMeoll A 2.8 mMe] MY E, NH, 5%+ 65 uMo
A 144 Mo WHE, POS FEE 04 uMolA 31 puMe WS zka vz A

A g Aol A#flel AT sR=E zZev (Fig. 19). #43 a4
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N,

alkalinity, NH,"$} PO# %9 222 Wal A7= AA ARA0C-St 0114 =
3k i alkalinity, NH,” 2 PO/ H%7F Clolv SO sXxol vl %3 3
Hol momA AAE S FA o A JFS duHor AA v S

FF5W SO~ 9 alkalinity =% A3 ARA09C-St 19, F ARA09C-St 20
I A" ARA09C-St 2114 z+z} 282 mMolA 302 mM# 3.2 mMeolA 4.7 mM
o HE A FF5 AFH Axel BAGle] M AT FEE ztev (Fig

22). wkdo] A ARA0IC-St 019 =W SOF F=E+E 257 mMelA 279 mM

o WYE /AW TFF AFH A7t dojdS$E S04 FEvF dAHor g
ot (Fig. 22). 45 ARA09C-St 019 &= alkalinity &%=% 24 mMollA 4.7
mMe HE 7HAH A HE WA 0.9 mbst7hA] F= AMH A7 dojHdg

2 HRAAH o7 =718 & 09 mbsf olatell e vl A AT alkalinity ¥% (39
mM ~ 47 mM)E zZr=t (Fig. 22). 43 ARA09C-St 19, 43 ARA09C-St 20,
4 ARA09C-St 213 AH ARA0IC-St 0loA EAF RE FI5F ARE9]
S04 =& 0 mMol =938kA % alkalinity $%9 H=HzE 5 13t
oli, F=F AF Aol wE Flgh akalinity % 7] &7] Wy =
o Z52 gty FF549 SO % alkalinity ¥4 ARES AH
ARA09C-St 19, AH ARA09IC-St 20, AH ARA0IC-St 217 HH ARA0IC-St
01¢] SMTZeol =9shA] %ot &s AAsh weka o] FHE] AAF HAE
ol A= POCSRe] 2 dojuta Mn/Fe $¢ Z-&o] POCSRSF S0l 53 5 o]
doj & Ark " ARA09C-St 19, 83 ARA09IC-St 20, % ARA09IC-St 21
7 AF ARA0C-St 019] A4 slAW F+ AmolA AFHE F54H Mo Fe
o] T+ 7 83 ARA0IC-St 019l A AHH S i+ Mn¥} Fedl wXxel H]3|

o
o

mM

¢

L=

-

=
R

o
2l

2
r
AN

¢

Ao & 4 W o4 %A BRAAY. WA o vl WS BE TF4U L
Mn @ Fe $E% MnfFe #9 280 H4% o] vola dojupn 9 A4

Aukzl o2 A ARA0IC-St 19, B3 ARA09C-St 20, A8 ARA0IC-St 213}
4% ARA0IC-St OlelA #4138 F=FU NHyS 9 PO s=& ofghe np=o
A ARG TEFERG W B FRg zEt (NHS 0 < 02 mM, POS 1 < 10
uM) (Fig. 22)
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(th) 6%0, 6D = §¥Cprc

43 ARA09C-St 049] 44 2,250 mellA AF 3 s %0 % D wl= z+z
0.34%<F 3.14%°1 3, §"Cpic Bl - 247% 5 2=tk AF ARA09C-St 014 A1 #
& 59 6%09 6D Hl= 77 0.26% 14 0.27% 2 WSk 1.93% 14 4.91% 2
W s Zret) (Fig. 23). dAH ez 43 ARA0IC-St 019 £33 T+ §%0
¢} 8D HlE IS AFH Amel #Aflel wmA AdAR FE Zau, AA
ARA09C-St 019 4 2250 mell A AF & a9k v]2d 60 2 6D vj& 2
o} (Fig. 23). 243 T 6% 2 6D vl&= AH ARA0IC-St 019 &= 7]
dol] F= AFH AEeo BAfle] gt 7dS zra i, QAT FHAHE 19
Ao Aol AR FH s 7ddS AA g

T 8¥Che HlE AHE ARA0IC-St 01914 - 2.9% oA -7.3% < WS,
4% ARA0IC-St 19914+ -59% 14 - 1.0% 2 WHE, A ARA0IC-St 2014
= - L1%NA -57%¢ WS, AH ARA0IC-St 21914 - 0.8% A - 6.4%
o] W9E 7Y W3at} (Fig. 23). Box 2 A Aol = 1&Eg Ay EA
of mel TR F wA Fxep b F upa RN AFHI FFF §YChie Bl
FEg Aozt RAHA ¢kgka, FHF FCpe Bl dRbHoR AFHI IS5
NE7F AodFE Aoz Aashe Ao BFFEAL (Fig. 23). ©7]g i}
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Figure 23. Downcore profile of §%0, 6D, and §®Cpic in the pore fluid from Site
ARA09C-St 01, ARA09C-St 19, ARA09C-St 20, and ARA09C-St 21.
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o] SMTZ HF-ol Al F=52) 6%Cpe MlE dWAo® -30% Rt W ghs e
A sk, B3 ARA0IC-St 01, A4 ARA09C-St 19, 4% ARA09C-St 2034
A ARA0IC-St 209] F=Z5U §¥Cpe M= BE 224 AlZoA -30% R u=
o 7S 717 wHo FF5 §%Cpe Hl 9A] o] ¥l AHESo] SMTZd =435

A ARA09C-St 0lol A skl EAIe si+9 Na', Mg?, K, Ca*, Sr*', Li'
o} B 59 AMH AHxo & W3l FgS salinity ® Cl % W3tel FAsHA

B3 ol 4 500 mAAE 7 olese FE

rr

7F AAS sl AETE ZAoZFE Frkska, Aol 500 mE T 22 A ol A
7} ol &5l HaA dAF wx=E zZre=t (Fig. 24). webs 83 ARA0IC-St 01
oA A 5o Awe] mE Na', Mg”, K', Ca*, Sr*, Li'et B ¥% W3 &
& GAl FF EAskes o] &5t Ak Heael g8 2% s B
A Sles AAETE o] AR sl HiSIOs == 4 90 melA
e Zal, 74 90 m sl e sl AFH A ETE ZojdaE AR g
5 T7F S7ke ek 49 Mn ¥ Fe %% 247 0.02 uM3} 0.5 uME
o g R E zton AF Aol wAgle] WA dAsitt (Fig. 24).
T=7U Na'9] A=l Wst 42 Cl 5529 A% Weket fAFshot (Fig. 25).
Ca”e ¥4 AF A=l weh A= Ak e
TR A3 AL e F FEFEU K9 Mghs 55 A3 Axdd wa o
AaAY o8 A Hadhe Aol BEFHE wHd Ca¥'e TFF A Axd o
2t dASAY ofstAl Srbele Aol #EETH (Fig. 25). oleldh Ax= g
HAEWol A dojubs water-rock A& ZHgol o FF59 K9 Mgt &%
i wkgo], Ca¥'e AREE whgol dojun &S AN A AA it
thao 2 AA3 DSDP (Deep Sea Drilling Project), ODP (Ocean Drilling

Program) ¢t IODP (International Ocean Discovery Program)®} #Z-& A3 A

AS Tal, HAEWANA AE (clay)7t A2 o F5FdA4+= o 22 &&
ol2E5e EAES Zte Aol o] #TEHITE (e. g, Lawrence and Gieskes,

1981; Gieskes et al., 1990; Expedition 322 Scientists, 2010; Expedition 333

A

bl

PN

ok
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Scientists, 2012). W&k #&FH Ty K, Mg ¢ Ca?'e Alwo] we w3l o

Ao g AHZE= oA clay 43 #eo] = water-rock interactionol] 7]<13F A

H

ARAQ9C-St 019 &=FelA Li" ¥=+ Alud 45 s zterh v g3
ARA09C-St 19, A5 ARA09C-St 203 A3 ARA0IC-St 21914 = sfAE oz
B 3 mbst7HA] &= AH A=V SUHEeE 55 LI =7 A48 S8t
of Hulgts 7k 5, 3 mbsf shi-olM = o= A3 A=7F dojdsE LiT 5=
7F AHadhe Aol #EEAG (Fig. 25). e A9 =5 HSI00 s=+
44 ARA09C-St OloflA AH T slFryd =2 s= 2

AEe] e T HSIOH vx WstE AvEd RE AR U
H,Si0s 55+ sl AHAA Y 25 mbsfoll A 35 mbsf7hA] &5 A3 A =7}

oAdFE MA3 F7tste] Lit v =A9 dAHow HUPS 22 5, a5 AF
A=7F S7FsAA HiSiO s =7F 5438 FAad § UAl Sbeke A3 B
tt (Fig. 25). & BAAA T55H B v=2v 355 AFH Axd wE F3

W gl B

i

A AR A ARA09C-St 01014 A sf+rHT =2 &

f

T (> 04 mME Ze=t (Fig. 25). sl A=W Ak 874 st Al ME9F 54|
of dojup= MSiWeE] =4 LiT HSIOS B 527 4 st =2 &
=2 71d 4 9dvr (Kim et al, 2016; Torres et al, 2020). ez A=A
ARA09C-St 01, A% ARA09C-St 19, BH ARA09C-St 202 4% ARA09IC-St
2191 A F 8] B4 FF59 SOF FEE o FAHENM SMTZd E2shA
23982 AA gt 28 EE AFd ARA0IC-St 01, B ARA09C-St 19, A H
ARA09C-St 203} A7 ARA09C-St 2191 += AH3F HAZWolA MEZF Lojut
2 ¢k7] wiEell, ME9} FAlol dojuis MSIiW7E dold 83 3848 o] PHE
ANME AFstA Rt webr] o] FHE AMFHASF T =2 Li, HSIOS

B mo] td 439 9 F9e A% FF 24% ow @ B4R A B
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Figure 24. Downcore profile of Na', Mg®', K', Ca*, Sr*', Li,” B, Mn, and H;SiO,
in the seawater from Site ARA09C-St 01.
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Figure 25. Downcore profile of Na', Mg®', K', Ca*, Sr*', Li,” B, Mn, and H;SiO,

in the pore fluid from Site ARA09C-St 01, ARA09C-St 19, ARA09C-St 20,

and ARA09C-St 21.
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(mh) ¥Sr/Sr

4% ARA09C-St 0114 A3 =2 ¥Sr/Sr vl 0.7091691 4 0.709182] #
AE 23, AAT 5 Aol BAGlel vlwd IS YSr/MSr v E 2=t (Fig.
26). A3 ARA09C-St 01, A% ARA09C-St 19, A% ARA09C-St 203} A A
ARAQ0IC-St 21014 43 F=4 A5 AF A& M2 YSr/Mer g Aun
W, 43 ARA09C-St 01e] A= 0.70914°1 4 0.70918¢] M=, AH ARA0IC-St 07
A& 070913914 0.70917¢] M21E, FH ARA0IC-St 19941 0.709111 A]
0.70920¢] WS, A% ARA0IC-St 20014E 070911014 0.70918¢] H9l, B
ARAI0C-St 2114 070909914 0.70917¢] WS 7FAv] Wstela, A3 &=
4 Ao Aglel Bl AAI FSrHSr HlE zhi=t)h (Fig. 26). B3 Awbd o
Z Box 2 A7 AHe BE AHANA AHT FFF9 YSr/PSr nle= A
ARA09C-St  0lellA A& a4 Sr/Msr vl wlszaid. waa] QA
ARA09C-St 01, A% ARA09C-St 19, B& ARA09C-St 203 3 ARA09C-St
21914 AFAT FFFE FR 5 719ola, o] AAENA TG FSr/Sr v
= HAS HBAEWA dojus &4 AE&S AoHoE AA BHdsS AAE

o,

87Sr/%Sr 87Sr/3Sr
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Figure 26. Downcore profile of ¥Sr/®Sr in the seawater from Site ARA09C-St
01 and in the pore fluid from Site ARA09C-St 01, ARA09C-St 19,
ARAQ9C-St 20, and ARAQ9C-St 21.
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uh F wha g w Foula Fx RS 54 6

AE7) wEed AFEE ST Asd 7IvE £ A Box 2 AT AHe] F
. Fx A3 v F ova px A AHF TIFAE eI SO,
alkalinity, NHy" @ PO/ zbol7F &A1& Ao w2 d=agtt. 18y dAvrdow
ARA09C Expedition 713t §¢F % wpa 7z A} v & vpa 7z 2o AH
& FHFAE 9 ol2ERY oy && F2 9w JolE, §°0, 8D, §
BChicst ¥Sr/MSroll Al @A xhol7h BFE A @Feka, ARA0IC Expedition 717
St FAlo] T & StolA AFHT v BHQA BH ARA0IC-St 019 &5+

A5t SANE Fed Aolrl BAEA Prvh B E wja 1z Ao

e Aelel gal F AR Al etk A WAE A4 ATEe By g

B4 via T2 A4HE AGAN FANE HAB ARAA FRE olFa
‘Hi“

(3) & Al o}l
(7}) Salinity ¢} CI°
ARAO09C Expedition 717F =<¢F = wglolsfol Al 233 49 salinitye ClI
FEE 77 284% A 33.1%02 W 9lek 442 mMel A 523 mMe] M EE 7 EA]
Wslalt) (Fig. 27). AFASE s A= W& salinity ® Cl 5% W3tE A4HE

W ¥Z oA salinity @ Cl =7 AELHS 2t d5 AFH FAo] HolA

g

T salinity 2 CI =7t €71 § 4AT g2 Zev £33 s AFHT A
=
[}

Aol Aol @S = salinitye} ClI
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27). ARAIOC Expedition 7|3t &<t AF S 52 salinity®t CI' %=+ ARA09C
Expedition 713t ‘&<t AFHZ sl A&k W3 FFo] dFEEy (Fig. 27).

ARAO09C Expedition® ARA10C Expedition®] &A|H| 2o

-

3 ®HAF 713F F <ol

-

=3
01)1!

of EAdt= e FAMEets A Aol wol #ESUT (Jin and
Shipboard Scientific Party, 2019). ARA09C Expedition 717t &<t & A H|g]o}al ol
A QAT B2F NS o AT 749 salinity?t CI s%+ 242 0.9% % 10
mM= SAHHAIL, o] FE2 sAlotaolA AFAT a5 kel salinity$t CI°

=R WS v el BA e olslol A AHE T2 s e salinity o}

3 wE
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Figure 27. Downcore profile of salinity, Cl', SO, alkalinity, NHs", and PO, in
the seawater from Site ARA09C-St 25, ARAQ9C-St 31, and ARAQ9C-St 34.
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Figure 28. Downcore profile of salinity, Cl, SO, alkalinity, NH,", and PO, in
the seawater from Site ARA10C-St 10, ARA10C-St 12, ARA10C-St 14,
ARA10C-St 15, ARA10C-St 16, and ARA10C-St 08.

wjitol ok Hgk F Al gl o}
ol A s AMFHAT AA Aol dEFm AFHST AT salinity$t CI 5 =7
SA BFEAG ol2E Ao wE AV £F WY &5l o BAHE T
o] 1A vt opye} 5 AMFHAT FA o] FH A A A UM FA v 2] o}
2 frYste 4 999 %S 9 w2 AoR AndErh @A Aot =
FAstE 2 FEL Lena, Yana, Indigirka, Kolyma©o] i, AA 2 F A ulg]ola| =
Pot= AdEol Ak &l AelA AT slFEe] vE AGEolA AHAT
Bt} salinity 7} $tvbal B.a1E T} (Shahkova and Semiletov, 2007).
ARA09C Expedition?} ARA10C Expedition 713t &<t FA]wlg|o}lsljoll Al =} #

:?L_‘,
i
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HA oA A EHAEHT Fojdoz Hol] astEo], 5 AH g ol
AE T HASA Adgwo] A AHE HHE Fo9 dol®= UFE 2 m °]
st2 HxsHt Ad oz #Zuh (Tables 13 2). ARA0IC Expedition 7]7F &<F

NN FE3 FFIFY salinityet CI vy 335 A3 Ao gt F

N
=

e A3 A=l #ARlel s salinityeh CI7F vlala dAshx]nt, duks
¢l &< (salinity @ 35%, Cl : 559 mM)E.t} & salinity$ ClIT 5% g zte=t)
(salinity : 31%, CI' : 502 mM) (Fig. 28). ®FHel A% ARA09C-St 25 9A] dnk
Aol d|4rt} v salinity9} Cl %25 2tal F55 A3 A=rt Zods=
Salinity (%o) CI- (mM) SO, (mM)
30 32 34 36 500 520 540 560 0 10 20 30
0 & T & T T T T &
S o & o (O ARA09C-St25 @0
< < <o
¢ ¢ [J ArRA09C-St 31 o
@ o s o <& ARA09C-St34 o o
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Figure 29 Downcore profile of salinity, ClI', SO, alkalinity, NH,", and POs in
the pore fluid from Site ARA09C-St 25, ARA09C-St 31, and ARA09C-St 34.
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Figure 30. Downcore profile of salinity, Cl, SO, alkalinity, NH,', and PO in
the pore fluid from Site ARA10C-St 10, ARAIOC-St 12, ARA10C-St 14,
ARA10C-St 15 ARA10C-St 16, ARA10C-St 20, ARA10C-St 24, ARA10C-St
08, ARA10C-St 09, ARA10C-St 11, and ARA10C-St 41.

r o
N

TSUl osalinity?t CI §%7F FFA&ehs @st @4 Ze
ARA09C-St 259 &=+ iAW FHA salinity7} 33%, CIT %7} 543 mM

om AUge 23 FIF AA A=/ 2oA5E AP (Fig. 29).

44

T @it &4 719 945, clay dehydration, opal diagenesis % 7} &}

glo] 7]e1%tt}l (Kastner et al, 1991; Kim et al, 2013). 93}¢] 7]
A& e Y E FE5e 6§09 D9 Amel wE 4z Wil uls)
S siAdol dastty. FAMIYols = wEte] Aol daiA = ot ¥
=49 §%0¢ D9 T 9a slA oA A4 e E A
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ARA09C Expedition 713t &<t A F T A M glols] =9 salinity$t ClI &

T A W FE AEEn A3 ARA0IC-St 259 42 80 m= 4
o] of 50 m AXE< BFH ARA0C-St 313 B3 ARAQIC-St 34ET e o=

FAe] ZIt} (Table 1). A% ARA09C-St 2504 A FH sl A3 T A|l5ES
salinity¢} ClI' 5%+ g% ARA09C-St 313 H% ARA0IC-St 34941 A FH 3 &
4 A5ERY =0 (Fig. 29). ARA09C Expedition 717t 5<9F & A s 2] o}af o] A
Az ¥4 salinityef CI 5% 542 ARA10C Expedition 7]17F 5<t =3 3
sA Eote] TS E HEEAY (Fig. 30).

ARA10C Expedition 713+ &<t FAlwlgolalol A st A T4
salinity¢?} CI %+ 55 AMF A% (< 1 mbshol #FAIgle] vz AA sk
salinity¢} CI' % #2 zt=t (Fig. 30). 284 =555 A3 44 4 60
m< 7l£o2 TS5 salnity$} CI 5% %Fol7F A #&Ho] F 9 272

2 728 vk A WA 252 35 AE AFH A4 Aol 60 m ofskel A

\

Moo= A ARAIOC-St 08, ARAI0C-St 09, % ARAIOC-St 10, ARAI0C-St
11, A3 ARAI0C-St 12, ARA10C-St 207 A& ARAIOC-St 247} o] Z1gFol X
gt o] 2FY AHEANA FFFU salinityet ClI = 242 32.2% 14 33.1%
o] W9let 490 mMoll A 531 mMe] W 9IE 7FAm wstet}t (Fig. 30). 7+ WA L
F2 T AR A AH FAol 60 m o]l AFo= AH ARAI0C-St 14,
ARAI0C-St 15, 4% ARA10C-St 163 ARAIOC-St 41°] o] ZFol slgHtt. o
OF9 APEAA FZFU salinity= 35.0% 14 36.0%< HHE 7HAH ClI

= dAsA 551 mME et (Fig. 30). 3 WAl 8ol wsl AR 1§ ¥
S salinitysh CI s =7F Adjd oz 27 B8t vE 3552 A% =

= gl 52 ARG SRXAD, SA Mok A A5 salinity 2

Cl =& A=A (Figs. 277 28), 3 ®HA 2754 slds+= AHE] A

= 2kt 296% 1A 33.1%¢) W9 474 mMAA 525 mMel WIS b n] e

3, F i g Y AHEe a5 47 344%9 551 mMe] HlaLH <)

A8 @S 2=t T35 salinitys CI 5% 547 448 59 salinity o
f

AL A el W) oA el salinityk CI s =7}

HAE AFAA AE A7 A S EAstE fault =+ fracture 52 22
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conduitE T3] FH=Z o]sslA Levhd dnvkdo=z sAH %
=T TH A sl 1ot a2y sAME ol oA A FH T HAHE o9

Aol 2 m yglola, B35 Fol& Aset B Aol olstw HHF

S
=5
<
3
ja)
N
)
it
o
off
%
oft
>
=
A
O
s

2007). wWekA SA Mok AT F OMA a5 B R A 1R
¥ salinitysh O 58 25 99e 335 §4 199 H43 9ol £Ashe

TH T salinity ¢}
©}
=]

o T3 $A F<
o] TFFE NHZ AHEY @l S wEt salinityet ClI sx=9 743 X
7b #FE F QS Aow AlgHT

(1}) SO, alkalinity, NH;" 2 PO+

ARA09C Expedition 717t &9 A3 ARA09C-St 25, 4% ARA09C-St 313} 4
A ARA09C-St 34914 A3 d4=2] SO F=t 225 mMelA 27.1 mM2 ¥
£ (Fig. 27), ARAI0OC Expedition 7]%F &<t A% ARAI0C-St 10, A=A
ARAI0C-St 12, 43 ARA10C-St 14, B3 ARA10C-St 15, A% ARAI0C-St 16
7 A3 ARAIOC-St 084 AFA S a2 SO FEi= 224 mMelA 29.7 mM 9]
s A Wt (Fig. 28). sl AH A=o w& SO, % Wi CI
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SEot AR 4
of vls) g FAalo]l A AHAA Hd SO
273 28). ARA09C Expedition 7]17F 5<¢F 5
2l A1 SO TR 06 mME, FA M obsol A B3 ZE 49 SO &
T g 1o wg grh wepa sA g olsol A S 2S5 lUE o
fro sAHE ool Wol EAete B3 ol &8 Ut s
A7 wEolth EA M okl A sl E AHET AR e Filo] YU
FE AHT slFe SO TR/ e dRleRE #AV|e FAldlEols] 59
salinity ¢} CI' =4 53 X &85 GFET oyt 43 7MAAAHA &
Aol = FYdete S BrY %S o 9oy WiEo R Atsdn 19y
AFHE AW ots] de] AP FAol #AGlo]l alkalinity:= 1.6 mMelA 3.1
mMe] MY Z PO/ HEE 02 uMolA 3.7 uMe WS 7k WHalsit, g¢=
AF 3 Ao Adglol A3 49 alkalinityet PO, & Bz A wEs
zt=t} (Figs. 277 28). NHy' &%+ ARA09C Expedition 7|3+ &<t zj 3t sl
oAM= 79 uMel A 294 uM<e] W& (Fig. 27), ARA10C Expedition 7]
A siFolde= 02 uMelA 84 MO WHE 7AW wWEgt (Fig. 28).
ARA09C Expedition®}t ARA10C Expedition 7|7+ &<t #4323 7z A afu
NH, s%+ HlwA A= Adagle]l 943 gs zie=th (Figs. 279 28). whebA
ARAQ09C Expedition®} ARA10C Expedition 717t &<t FA]e|g] ool A |3 3}
23 979 alkalinity, NHy ¢} PO, HXx+ Clolu SO& wxol Hls] A

o WY §§F L @rel P A7 wm YE AoE Amddh

a2
r o
off
ki
&
oty
o
o
oX,
o
%
o,
ow m
=
N
<
%
+
+
>,
o,
pie
rlo
o,
o

¢

.

e

off
o
N

=

¢

m[o

>
ARA09C Expedition 7]zF &<t AFHE =5 SO =9 HE#H> AA

ARA09C-St 25, 4% ARA09IC-St 31, B3 ARA09C-St 34014 Z+Z+ 246 mM,

183 mM, 22.1 mMe]iL, #A43 TS5 Az Haty AEdA #AEt (Fig.

29). ¥wrd ol ARAI0C Expedition 717 %

£ AH ARAIOC-St 080 4

1
AAR 5 HET QA5 ksl gasAG MwE 94F g e

e

6.7 mMeliL, Z+ A FFFU SO TEE

_84_



Ne
o
o
1o,
+
>,
o,
WL
ftlo
¥
Jhu
:?1:1
Y
=)
o
4
=2,
Ho
N
<
:?L_',

PN
T
FE AR fdske &4 H5e dFS wel wol SO

T2 ER
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(Figs. 299} 30).
ARA09C Expedition®} ARA10C Expedition 7]7F &<F 213

FEE FIFE ART Ausk 2oA5E S

o

T4 alkalinity

L

<

= [e)
Hl A Ak ghs zha

e AAEAdA A% 54U alkalinity 9] HH#k> 43 ARAIOC-St 2094
+AE 106 mMolth IRt om SMTZ AXolA F=4u alkalinity 5%+ 30
mM Bt} =27 (Borowski et al., 1996, 1997; Kastner et al, 2008; Kim et al.,
2011), EAHotafol A A5 e AFEY =54 alkalinity 5%+ 11 mM
Ho} grh (Figs. 29¢9F 30). mebA] A8 3579 alkalinity % <A A H &
ofslfl o] FojE AFHI BE HAHEo] SMTZA EEstA katdsS AASH. &
S5 NHy 2 PO % 9A alkalinity 559 A% W3 FA47 vlszabA A
A 57 AR SUHETFE A dom FrtstAY dAS AR HAHEE BRE
Ao 2z 1 mMeF 190 uM &) vl 3 g FEE zHe=t (Figs. 299 30). &
Al obafoll A A FH st A FF4W SO, alkalinity, NHy 2 PO, ¥4 2
IHuts wEsels w, AT sA ot HA WA dojus wrlE Edle
MEd] T=datA] Xt AH s A= AEZoA+= POCSR HE+

A Zo]| Al = POCSRo] <

(th §%0, 6D 2 §“Cpic

ARA09C Expedition® ARA10C Expedition 717+ &<t 33k F A vlelola] <
o] §%0%t 6D HlE= ZH2F -2.60% A 1.15% St - 26.81% 14 1.63%° WIS 7HA
o W3kt (Fig. 31). Awtdgoz §%09 6§D Wl %5 dFold LS z2tu

Ae AR Aol QojdFEs B4 grol Frh B BAF S5 Ay 570}

i
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ol Al §°0¢t 6D MI7E vk FAle GFo] FF Falel v Aol o F
3t AS A A3 ARA0IC Expeditionoll Al 2 FH ko] #2413 3= W< §%°0
sk 6D M7} Zbzb - 2.04%9F - 158%0°17] Wil 7 AHENA EF MFTF e
60t 6D MIE Z olfrE T #Wel He wel o %3 M TS

tE Aol M s gol wakyl wRelth ey AR AW 59 §
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Al letsloll A A FH S ] A E S5 salinity, CI ¢} SOF FE& 45 A
He Aol FA o AN AFE §4 I 9 g ¢ e vEE ey
(Figs. 279 28). 2822 &f5=2] §%0 2 6D Hl 9A] salinity, Cl 9 SO Fx9
TAQ BEet TUT of = AAF FHel SR AP AFE §%09 6D v

4 a5 9L A wol A5 A W §90sk 6D
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Figure 31. Downcore profile of §%0 and 8D in the seawater from Site
ARAQ09C-St 25, ARA09C-St 31, ARA09C-St 34, ARA10C-St 10, ARA10C-St
14, ARA10C-St 15, ARA10C-St 16, and ARA10C-St 08.
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Figure 32. Downcore profile of §%0, 6D, and §®Cpic in the pore fluid from Site
ARA09C-St 25, ARA09C-St 31, ARA09C-St 34, ARA10C-St 10, ARA10C-St
12, ARAIOC-St 14, ARAI10C-St 15, ARA10C-St 16, ARA10C-St 20,
ARA10C-St 24, ARA10C-St 08, ARAIOC-St 09, ARA10C-St 11, and
ARA10C-St 41.

ARA09C Expedition 717+ &<t FA wlglolaiol A AF T T2 §%0% 6D vl
+ A% ARA09C-St 250lM = o= AFH Ao we} FHasts Aol FElo]
23 FH ARA0IC-St 313 B3 ARA0IC-St MM E 542 AT A%
Aabglol 4AE 650k 6D ¥l E HoET (Fig. 32). 18y A% ARA09C-St
317 ARA0IC-St 34014 E43 F=49 §%09 6D vl WA &9 §%0
o} 8D H (0% Eths e #e 2t (Fig. 32). 7 AAY A s49 6§09
6D Hl & ¥ rE A ARA0IC-St 319 441 40 m sl A §%09 sD Hl&= 7
Zb - 22% 9 -17.2%°1 3, B ARA0IC-St 342 44 30 m a5l A 690 6D
W= 22 -2.3% 9 -16.1%°lth T A™elA A3 42 609 D W= &4
Foll o) GaFe wrol AnkHQl 429 §%09 D R AN, FFF 6
1809} §D Hle} Hl=g s HEAoh wepba A" ARA0IC-St 313 A
ARAQ9C-St 3404 A3 F=F 609 6D vl F Ao T4 F4 &
T 719 A&

ARA10C Expedition 717+ &b A3 FA Mo} T4 §%09 6D = A

r
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N



A ARA09C-St 313 ARA09C-St 34elA EAe F559 §%09 6D Wk vl szeh
54< Hlth ARAIOC Expedition 713F &<t A HA T sA Mool AHAT &=
o §%09 6D W= Z7F - 238%°1A 0.23%° Ak - 1849% 141 0.97% <
W HelA Watele, ARt ow TS5 AT 24 A AS HFet v

P
L AN
60}t 6D MlE Heltt (Fig. 32). B3 555 AAD Ao $4ol d&55 6

o sAlMEols]e] FAlo] W& A A= FAo] & X Ho] HlE Ko
A YA wjEol, SA M glotol] £A3l= Lena, Yana, Indigirka, Kolyma 72
2HY FAM ol R FRE s B FAF] AR gol sl I 54
F A o5 g7 2xd mE AEA
g} ol YIS T MW &EF FY WUt

mw}
A webd BAMels FE4E $4 B L el s we Jge
=

it
=

e
off
ki
L
1o
o3
[ d
r d

L A FA 43 ARA0IC-St
260 M= e AAAHQ AHRAE BEo FARE Z3 ARA0C-St 313 A A
ARAQ09IC-St 34el & §%0, 6D % CI X Frolle 5F213 AaaArZr 32EHXA
=t (Fig. 33). =559 ©s= 54 7|Y &, clay dehydration, opal
diagenesis ¥ 7} slol= o]l E sf2lo] 7]9tal, §¥0% D B UA v EALS
7y Gsl 712wl Weget A Zbo]7t ok Clay dehydration, opal diagenesis
2 7t stel=dolE Sl s ¥4 @srt dojd wl, F=5ul 60 vl
7} FvEkE Aol #AHD &4 /1A @5l 719 W FF5 %0 v 7
4%t} (Kastner et al., 1991; Kim et al., 2013). ARA09C Expedition 713t <t &
Al E]otoll A A H 3 B A E sojol A T slol=o]EE wEetA Xekqly]
ol (Jin and Shipboard Scientific Party, 2019), &A|#lg]olajo A # &%= =
o] @3t 9eF clay dehydration, opal diagenesis % 7}~ dtol=d o]l E &g
of o w3t JheAdS wiAskd . 2y A3 ARA0IC-St 259 =W 6§
B0 MlE Cl %7t 2T E 590 H7F gachs 4ol #REAG (Fig. 33).
wEk gH ARA0IC-St 2590141 A= a7 9G53 A4S 4 95 74
of o3 Foltt. 2} AAA FHF FFS F= w4 #TFY B oF

Aol tel = W] i EA @A FF s ot o] FrEA S ' vt
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Figure 33. The correlation diagram

and CI', and C) between D and Cl in the pore fluid from Site ARA09C-St

A) between 60 and 8§D, B) between %0

25, ARA09C-St 31, and ARA09C-St 34.
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Ak A3k 3 owEbA Rl Al W Aol v A AT T+ R d
A3t Fiel B ATE AAs] 355 BEE flshs B ols A=
& a8 Arh FrkE dasi

A% ARA09C-St 259 4 75 m, B4 ARA09C-St 31¢] +4 405 m, B F
ARA0IC-St 349] 4:4] 34 mell Al AT ael A 65Coic M & T3S £4F
§"Cpic "= B3 ARA0IC-St 25914 - 0.17%¢°]3L, B3 ARA0IC-St 3114 &
-2.25% 0131 AA ARA0IC-St 349l A= - 249% 01t ®A1e sl 6%Cpec ¥l
= HlaA dAsieh

T4 §%Cpe ¥l AR ARA0IC-St 250141 - 6.9% 1A - 2.8% < HAE,
A4 ARA0IC-St 3191415 ~15.6% A - 3.7% < M=, 45 ARA0IC-St 34¢l A

E - 11.3%°04 -319%2 WS 7HAv WEEt (Fig. 32). 5599 “Cpe ¥l
= Ao r A AHANAM AFHE SFu e e Holu, AFHI T
NE7F QoA 4E JRHo =z H4astes 4deko] #AaAHJY (Fig. 32). 21713k npe}

o] SMTZ H-Zol e 33549 §%Cpe HI7F dubd oz -30% Bt we& ks 2t
=t a8y A ARA0IC-St 25, 4H ARA09IC-St 317 A#A ARA09C-St 349

5 §¥Cpe HI7F BE T AlBAA -30%ETE =S e 2t wEol
)

34
559 65 v A ol Al AHEe] STMZ E9eA Radee s

ARAQ09C Expedition®} ARAI0C Expedition 713t &9 & A # 2l olsol A )| 3 3k
A8 d49) Na', Mg”, K', Ca”, Sr*’, Li'e} B 59 Axo] up& Ws} P2
salinity ¥ ClI &% W3lel FAekAl 5 sigdA 84S 2=t (Figs. 349
35). ARA09C Expedition 7|3t &<t sAH2lofalol A HH S o= Ao
e AA A=sE Zogdes 54Ul Na', Mg”, K, Ca*, Sr™, Li'et B 5&=7F
Z7Fett} (Fig. 34). 18y ARA10C Expedition 7]17F &<t A d| g o}sfol A =
3 &4=9 Na', Mg®, K, Ca™, Sr*’, Li'¢} B sxt 14 A3 A4 40 o
g 8 SAS Bolerh s A3 AA 4ol 190 m o]l A3 ARA10C-St
14, ARA10C-St 15%F ARAI6C-St 16014 #<=9] Na', Mg”, K', Ca”, Sr*', Li’
¢ B s%7F 5014 100 m7hAl A7t 2ojdaE w7t S7bekal, 100 mE v

>\\l

s

g
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4e Azoe vusd d43 F2E 2t wdd sS4 AFH AH FA] 50
m "Rkl AR ARAIOC-St 08, ARAI0C-St 103} ARA16C-St 12014 = %% 3l
FolA 4 10 m ~ 20 m7kA Na', Mg, K', Ca*, Sr*, Li'¢} B v=7} Z7}3
= g AR AR ZAAFE &5 FolREY vt dAHSAY sl Tt
&= Aol BFHT (Fig. 35). Ankz oz ARAIOC Expeditionol A 3 &fo] &
At slFe] && ol vrw AMFH A FAlol 190 m o]l AHEAA AHH
3 a7k AH AA Aol 50 m kel AHENA AHAST sl Hdghol
Ak (Fig. 35). #4138 FAwelobs] sj4:2 A=e] wE Na'\, Mg”, K', Ca”, Sr*,
Li'st B 5% W3t & A A els] 3o A8k o] HowA &

s gl o B3 A%t 9% ZeA wa dn AAT Aol W= 2

I\

zt =t} (Fig. 35).

ARA09C Expedition 7]zt &<t AH 3 550 Na', Mg”, Ca¥'9} K'9 vie
474 ARA0IC-St 257} th2 FHERT =& %S Btk g3 ARAIC-St 259
TS5 salinity 2 Cl' 9] 22 WA 7|t vie} o] o] A

} Na'

o %
4w G Wl FF4U Na', Mgsh K'ol vEE #55 AH A=

of ma AukrHo s FhstE AFAol AFHAT a8y FHFY Cate e o
A2 Gy T AFH ALd Adglel ¥lwA dAsth (Fig. 36). BH
ARA09C-St 313 47 ARA09C-St 34914 2] Na', Mg, Ca*'¢} K'9 skt AH
BT AT A T e SA4 259 ¥ 43 ARA0C-St 259 A
B gret AskA weld A ARA0IC-St 259 FIFFHUTF e kS zret)
43 ARA09C-St 313 A ARA09C-St 340 Na'¢] Awo] wg W3l Fie #
252 Ak Mg o} K'E Aed wet 2t 4 o} (Fig. 36).

44 ARA0IC-St 3191 = T3 Ca* 27t AAT 3¢ A= 2

o] P

SR
TE ZA3A T AH ARA0IC-St 34olA = T A3 Aol d#gle]l vl
JAE Ca¥ ¥EE ztet) (Fig. 36). §HHo ARAIOC Expedition 717F B¢ %A

wgolalol A AHE F=F5U Na', Mg”, Ca”'¢} K'9 vt 3555 AFHE &

A
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Figure 34. Downcore profile of Na®, Mg?, K', Ca*, Sr*", Li,” B, Mn, and H;SiO,
in the seawater from Site ARAQ09C-St 25, ARA09C-St 31, and ARA09C-St 34.
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Figure 35. Downcore profile of Na“, Mg®, K', Ca*, Sr*’, Li,” B, Mn, and H;SiO4
in the seawater from Site ARA10C-St 10, ARA10C-St 12, ARA10C-St 14,
ARA10C-St 15, ARA10C-St 16, and ARA10C-St 08.
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AR M= Aol dagle] WA dAsid (Fig. 37). 18u =55 A

Aol 4lel 190 m o]¢l B3 ARAIOC-St 14, 43 ARAI0C-St 159 A H
ARAI0C-St 16914 AAAZ T Na', Mg”, Ca”¢} K'9 v=7F 3545

AF AH FAe]l 50 m PRI HH ARAI0C-St 08, 4% ARAI10C-St 09, 44
ARAI10C-St 10, AH ARAI0C-St 12, A4 ARAI0C-St 202 A ARAIOC-St
2480t =& & ek (Fig. 37). d7]gk vpe} o] ARAI0C Expedition 713t &
ot sAlHEotafol Al AFH g ] & FoleES w&E A FAel 190 m o]
A AHEANA AFHE S5t =40 50 m v vkl A FH 3 SFERT = o)
24 ARA10C Expedition 7]7F &<F sAjHgolafo A AHS T35 5579

Fo 7199 7 AH AR 5o Fol& FEol s G Wk

7F S7veke Fdel, B3 ARA09C-St 313 A3 ARA09C-St 3498 s5FolA=
=g AF ARl Zuglel HluA B w7 4%t (Fig. 36).
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ARAQ9C-St 34oM = &=
ARAQ9C-St 259 A &= 55 AF AZel g
zr=1} (Fig. 36).
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Figure 36. Downcore profile of Na’, Mg?, K', Ca*, Sr*’, Li,” B, Mn, and H;SiO,
in the pore fluid from Site ARA09C-St 25, ARA09C-St 31, and ARA09C-St
34.
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Figure 37. Downcore profile of Na', Mg®, K', Ca*, Sr*’, Li,” B, Mn, and H;SiO4
in the pore fluid from Site ARA10C-St 10, ARAIOC-St 12, ARA10C-St 14,
ARA10C-St 15 ARA10C-St 16, ARA10C-St 20, ARA10C-St 24, ARA10C-St
08, and ARA10C-St 09.
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= AQAHT AHY 0] 100 mET} Fe AAEA T4y B HSIO, 355
Eal
HSiO, 358 zte= 7153 7|FE2F Mn/Fe 89 #F 4o w2 water-rock

(n}) 8'Sr/*Sr

ARA09C Expedition¥} ARA10C Expedition 717} E¢t EAjuglo}lsfoll Al z1Z 3t
=2l FSr/Sr vl 0709120014 0.709209] WS ztar, AT s Alxe] B
glol maa AA3 ¥Sr/MSr wlE zh=t)h (Fig. 38). ARA09C Expedition¥}
ARA10C Expedition 7|13t &<t SAldlgo}afol /| AH 3 BE =559 S/ Sr

87Sr/36Sr 87Sr/3Sr
0.7091 070915 0.7092 0.70925 0.7091 0.70915 0.7092 0.70925
0 RN “ﬁg"fov X o' ' 0 ' N ' ' O ARA09C-St 25
+ o ° O] ARA09C-St 31
& % % < ARA09C-St 34
1 I * A*° 1 A ARAI0C-St 10
o+ ¥ ARAI10C-St 12
X + X
> ~+ ARAI10C-St 14
500 - b 0.6 1 X ARAI0C-St 15
—_ + < E2 ARAI10C-St 16
g £ V ARAI0C-St 20
g = > ARAI0C-St 24
8 ‘é o o M ARAI10C-St 08
O ARA09C-St25 A K ARATOC-S109
1000 M ARAO9C-St 31 1 12r 1
< ARA09C-St 34
/\ ARAI0C-St 10
"+ ARAI10C-St 14 1 I o
X ARAIOC-St15 +
%X ARAI0C-St 16

1500 o 18 S

Figure 38. Downcore profile of ¥Sr/*Sr in the seawater and the pore fluid from
Site ARA09C-St 25, ARAQ09C-St 31 ARAQ09C-St 34, ARAI0C-St 10,
ARA10C-St 12, ARA10C-St 14, ARA10C-St 15, ARA10C-St 16, ARA10C-St
20, ARA10C-St 24, ARA10C-St 08, and ARA10C-St 09.
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B 0.7091490 41 0.709199] ¥ & zta, 7F AHolA A T2 FSr/MSr v

T AFH A=el #Agle] vlwA A3 USr/Sr szt (Fig. 38). E
ARAI0C Expedition 7]3F &9 AFH 3 FTFFolAe= T8 Fol
A BEE AAYE FF5E AHT FH-e FAo wE FSr/Sr v xpo|7p A
Al &A%t (Fig. 38).

ARA09C Expedition®} ARAI0C Expedition 717+ &<+ S A s g]ola]ol A )3
T4 YSr/MSr Bl TY AHAA AFHI s TSr/HMSr vlek B
g BAE FAHEots] T4 YSr/SSr vl T4 Fi sS4 7)ol
HAEo] AR EHo]F HAEWA &4 2Hgo] AH o wofstA U

T Ysr/Msr wvE WakA ks A A Erh

rr

ro

ot

R

il

2. 5715 HS)T &= 7= (VG)

ARAQ9C Expedition 717t &<k HA|&f ofgb wh= (Box 1), ¥ "= A4
(Box 2)¥ sAlHZlobs] (Box 3)elA AHAR HAm s10]E &3 HS 7t~ &4
A= Table 87 2th HX&) £ nlz g1 BA oo A 2 ste] BAe
HS 7F=u CO; 5%+ 5630 ppm vol. ©]7do & 7] Btk oF 10v] o]/ &2

_I

rO*'

CO, F&e zte Aoz 4593, CHy #5% 10 ppm vol. ©J&t= wjg il
CoHs o1 (Coel &sla 7k S BE HS ASEA A&3hA X3ttt
(Table 8). ARAI0C Expedition 7|3t &<t A M glolso A AFHS HS Al5E o

Al ARA09C Expedition 713t &<t sAl Wl go}aloll A N3+ HS Al 553 FAFSH
EAS Bttt ARAIOC Expedition 7]1%F &t sAulg|olafjol A AF 3 = HS
7k~ CO; 3%+ 2050 ppm vol. ©o]A4eli CHy %+ 10 ppm vol. ©]8t= w-$-
Wi CoHg o149 &84 7la AES BE HS ASEddA HESA FEah
ARAQ09C Expedition®} ARA10C Expedition 717t 5<F H X&) 2% nla A F3} 54
Hlglotafoll A HH G s A A, HA F v A Fy} FA v ot
A AFHT RE ARES SMTZ =2s6hA] Eakadtt (Figs. 25, 299+ 30). whehA
A HA s & ma A 93 FA Mol o] HS 7t2sk 59 AR Ads o
AT AGEdA AMAT BRE AHEY HAE A% dHddAdes vAES] HAEY

o EAlste fF7lES Teste]l CHys A4 E v ME GAZMA =26hA] Xekal

¢

_99_



Table 8. HS gas results from the ARA09C Expedition and ARA10C Expedition.

Site Depth ég; (?) ;}rlﬁn ((;;”;}rlgn (Iip?r?;l §"Comm §"Ceas 8" Do §"Coon
(mbsf) voL) voL) voL) vol) (%0) (%) (%0) (%)
0.20 87 n d - 9756.9 - - - -
ARS8 32 nd - 126375 - - - -
437 73 n d. - 82165 - - - -
020 87 n d - 9756.9 - - - -
Al;folic’ 050 210 nd - 68%5.1 - - - -
0.80 9612.8 130 - 19034.4 - - - -
AT amo 32 nd - 63810 - - - -
AV 19 82 nd - 56292 - - - -
AV 1 37 nd - 62579 - - - -
AT 0 81 nd - 121754 - - - -
0.10 1147 21 02 1995.1 ~74.1 - - -235
050 157.2 34 02 2801.3 ~762 -202 - -40.1
ARAIC- | 090 6679.1 36.0 2.8 4280.8 ~74.0 -288 - 474
St 04° 1.30 999344 | 1069 33 5395 557 -309 -1871 422
170 692670 | 1668 56 41333 -52.0 -314 -192.8 -36.0
210 473748 58.1 16 49639 -512 -31.0 -191.8 -285
021 21803.9 185 1.1 30354 -437 -29.0 -183.0 -245
061 21504.7 114 08 3681.8 450 -29.8 -1836 -162
0.63 49132.0 124 1.1 4044.7 -455 -288 -186.6 -153
ARAQIC- | 103 29920.6 150 12 31840 -448 -289 -190.0 -132
St 06° 143 289575 104 1.0 3788.7 —447 -29.7 -186.8 -11.0
1.83 25819.1 79 09 4752.6 -44.1 -29.3 -185.2 -92
2.23 1206945 | 281 18 3367.3 -448 -30.3 -186.4 -70
2.43 30457.4 141 14 4469.2 -444 -30.7 -1878 -6.7
0.60 43 14 17 ]71.8 - - - -133
1.10 162 04 01 8489 - - - -242
1.60 1717 25 02 1766.1 -636 -29.3 - 317
ARAIC- | 210 211.0 102 11 2685.8 -82.1 -289 - -434
St 07° 2.60 3678 134 1.2 3784.1 -84 -35.1 - 467
3.10 19299.1 346 2.2 6171.1 -682 -375 - 462
360 63531.2 380 17 6044.9 -579 -384 -1829 -44.1
410 60721.0 282 12 6121.2 -55.1 -387 -189.1 -42.3
0.36 131 02 04 27499 - - - -16.1
ARAIC- | 236 730 05 0.7 4309.9 -86.3 - - 214
St 08” 386 550.9 04 02 94997 -87.3 - - -26.0
5.29 32784 11 2.9 6532.0 -95.7 - - -30.0
0.10 31 05 04 12709 - - - -115
0.60 400 1.3 02 1003.7 - - - -29.3
ARAQIC- | 110 1169 6.7 04 1908.1 -81.8 -181 - -40.2
St 12° 1.60 49934.7 57.0 09 5533.4 -636 -29.0 -1781 -44.3
210 1139765 | 1246 12 5202.6 -52.2 -30.0 -190.9 -35.8
2.60 40504.0 859 03 4394.8 -496 -30.2 -1909 -323
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(continued)

CHy

CoHs

CsHs

CO,

Site gﬁg (ppm (ppm (ppm (ppm (KSI(EOC)H1 SIEOCAESZH(; SISESM 61;(%(j2
vol.) vol.) vol.) vol.)
006 | 53436 | 1239 | 23 | 49679 | -502 | 312 | 1942 | -219
030 | 33874 | 845 | 16 | 54615 | -503 | -318 | -189 | -211
050 | 67431 | 1209 | 12 | 41063 | -512 | -316 | 194 | -190
070 | &5A18 | 1464 | 20 | 52119 | 502 | 320 | -1987 | -163
090 | &wol2 | 1277 | 15 | %28 | 496 | -7 | 121 | -135
AOCT L Lo | amm5 | 890 12 50278 | 480 | -333 | -1914 | -103
163 | 30603 | 577 | 11 42010 | 472 | -6 | -188 | -74
183 | 65718 | 39 | 13 | 4541 | 479 | 327 | -1896 | 66
203 | 1203338 | 1466 | 20 | 5154 | 480 | -3 | -1892 | -63
023 | sm02 | 77 | 14 | 43273 | 412 | 23 | 87 | 61
243 | 19785 | =9 | 06 | 207 | 466 | -1 | 1910 | -57
040 214 nd | nd | 2968 - - - -
094 1088 | nd | nd | 384 - - - -
ARAIOC- | 130 | 170770 | 191 | nd | 5180 | 546 | -360 | -1716 | -280
St 05° 165 16952.0 189 n d 16255.8 - - - -
180 | 35110 | 200 | nd | 241803 - - - -
215 | 40420 | 28 | nd | 51361 | 500 | 31 | -19%7 | -23
075 | 16070 | 62 | nd | 522 | -468 | -33 | -19%2 | -163
ARAOS [ 20 | o6l 84 | nd | 1301 | -466 | -1 - 200
450 | 15497 | 28 | nd | 6%8 | 4659 | -3%68 | 187 | -144
010 518 nd | nd | 3557 S - - -
040 488 nd | nd | 714404 - - - -
A | 0% 19769 14 | nd | %021 | 470 - - “198
L5 | 772 | 60 | nd | 243731 - - - -
135 | 8659 | 62 | nd | 5879 | 489 | -341 - -
0015 82 nd | nd | 2549 - - - -
AR | 0o 98 nd | nd | 20188 - - - -
037 81 nd | nd | 8645 - - - -
0015 47 nd | nd | 289 - - - -
AT o 80 nd | nd | 2825 - - - -
036 75 nd | nd | 40707 - - - -
0015 30 nd | nd | 47700 - - - -
AT | 0z 28 nd | nd | 5435 - - - -
033 41 nd | nd | 502 - - - -
003 45 nd | nd | 79632 - - - -
A oz 89 nd | nd | 50472 - - - -
022 80 nd | nd | 3975 - - - -
003 81 nd | nd | 10521 - - - -
A | 02 96 nd | nd | 9485 - - - -
052 102 nd | nd | 126512 - - - -
* — ! no measurement, ** n. d. : no detection

=k 4 1 analyzed by KIGAM,
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ofebe mhE=o BE AAEH ofgkR mbE=o] wid AAA F4 ARA0IC-St
0814 A3 HS 7F=ul CO; B%E EF 500 ppm vol. o]Aeltl CO, vE+&
A FZel A AFHT HS 7h=ol A HlwA e ghe Zte Aow BEAEHM
HS 7t AF Alxd & 53 CO, s29 F2%Ql ¥t #& == okt
gy HS 7t ©@staa ke obgbe v BE ZA e wiAd AAelA
FElgk #FolE BRIt} (Fig. 39; Table 8). ARA09IC Expedition 713t &<t 7k~ &)
ol=dlo]EES WASHA X3 HAE ofgk2 mbet AR EolA AFHAT HS 7h2d
CHy %=+ A% ARA09C-St 04, 44 ARA09C-St 07, 4% ARA09C-St 129} 4

¢

A ARA09C-St 149 ZHF-ol A= w9 xRk (< 200 ppm vol.), 85 ARA09C-St
04¢] 0.9 mbsf, 44 ARA09C-St 07°¢] 3.1 mbsf, A ARA09C-St 12¢] 1.6 mbsf
¢t 43 ARA09C-St 149¢] 0.8 mbsf F-ZolA = CHy %=7F 543 578t 6,670
ppm vol. o]4olal CoHge] 10 ppm vol. oo 2 =4 AZEHJ I CHyx=E 2o
= A=A (Fig. 39; Table 8). H A&l ofet np= 2} A4 43 g5
W SO =8 ol&3te] SMTZ A%E5 F35td A ARAIC-St 049 41= 1.2
mbsfe] i, 7 ARA0IC-St 07914 += 3.4 mbsfolal, AH ARA09IC-St 12614+
1.6 mbsfelil, A ARA09C-St 1404 += 1.1 mbsfelth. o] A ENA E4§ HS
7k CHy w%=7F 5438 S7tsts AxEs 4 449 SMTZ F-Zo|th dwtao
2 SMTZ sti-olA = MEel o&f B4 = #F7les E8lists 280 dojutr] o
ol (Claypool and Kaplan, 1974; Berner, 1980; Borowski et al., 1996, 1997,
Whiticar, 1999), 85 ARA09C-St 04, 5 ARA09C-St 07, 45 ARA09C-St 12
o} 7% ARA09C-St 14°9] SMTZ H-<tollA HS 7t CHy 5%=7F 543 57138t
= A¥= o] AR ECl ME GAZMA =dstdSo AAgH

ARAI10C Expedition 713t &<t 7k stol=do]|EE SR Xk #H X3l oz}
2 k= A ARAIOC-St 059 A4 ARAI0C-St 07914 AFHZ HS 7t~
sl 4 55+ ARA09C Expedition 7]7F &<QF 7F2 sto]l=dlo]EE R skA] X
gk HAl&f obgb mbe= A EoNA AMHI HS 7= FAGE S5A4S Bl A
A ARAIOC-St 05¢F A7 ARAI0C-St 0744 =|F st £A1s HS 7F=u CHy
FEE AP E w9 3AW (< 60 ppm vol), B#H ARA10C-St 059 1.30
mbsfel 4 ARA10C-St 072] 1.15 mbsf F<+olA+= HS 72Ul CHy %71 w4
8] S 7Fsko] 7,487 ppm vol. ool egko] 6 ppm vol. o]} o ® EA HEHS
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Figure 39. Downcore profile of CHy, C:Hs, Ci/Coi, 8%Ccpa, 6Dca, 67°Ceong, and &
BCeo2 in the HS gas from Site ARA09C-St 04, ARA09C-St 06, ARA09C-St
07, ARA09C-St 08, ARA09C-St 12, and ARA09C-St 16.

- 103 -



tt (Fig. 39; Table 8). wekAl A& ofgh2 wh= FH ARAIOC-St 05%
ARAI0C-St 07914 A3 CHy %+ 27 A% 1.3 mbsfe 1.15 mbsf o] &}of A]
ME @A =93t 7] wdl, o] AHES SMTZ AE=+ 27 A% 1.3 mbsf<}
A4e 4 Aok 28y 4d ARAI0C-St 059F ARA10C-St

!

ARA09C Expedition 7]3F &b 742 stol=dlo|EE AH e A& ofehe wh
= AH ARA09C-St 063+ A4 ARA0IC-St 169 M = &=
7b2~W CHy wX=o 93 STMZ Ax7F Edx3= Ay dzdd. 44
ARA09C-St 06% A3 ARA09C-St 169A4&= AFAS HS A=E T 7 ATl A
AF 3 0.21 mbsfet 0.05 mbsfe] HS 7}~ CHy; 3%+ 21,000 ppm vol. o] o =2
o] $- =Auk (Fig. 39; Table 8), ¥5+9 SO~ v&+ 9 F
T T NEEAA AEHJAR FAAJA WE o] BEHA Gevh (Fig.
11). wabd HS 729 243 CH, s=Ewe=z A3 ARA0IC-St 063 A3
ARA09C-St 16°] SMTZE FA3st¥H Zt7F 0.21 mbsfet 0.05 mbst F-<Folth. o]
g FF59 SO sE9 HS 72l CHy 55 o183t F4¢ STMZ 4 %7t

AAA A =HEA T s Ee

>

BEAA = YL Tl sfol=golEVE A

049} 712~ steol=dolEE g A ARA0IC-St 067 4 ARA09C-St 16914
VGE AAste] 7t A 2 w25 24800 £43 VGY CO; 5=+ 4510
ppm vol. °]gte]t} (Table 9). VGO &3l 74~ oifd CHyolal, CoHg o4
o wala staE a%o AEPh VGY #@EFa vt RS AAE A
B CHyeF CHs %= 22 900,000 ppm vol. ¥ 200 ppm vol. o] o2 #24%]
RN CHy 5&=7F Aoz AEHAY obgte mb=e] U AAdA AFHT
VGeF HS 7F2=d g3 4 55 vlastd VGZF HS 7F2XRo ©o] =2 CHy &
=9} Gy 5% 5 2=t} (Tables 83 9).

d
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Table 9. VG gas results from the ARAQ9IC Expedition (modified from Kim et al.
(2020)).

C CoHg C: CO. . .

Site Depth (pgi (DZDI;LD (;L})I; (ppr; 8%Comn | 6"Cems | 6"Dem
(mbsf) (%0) (%0) (%0)
vol.) vol.) vol.) vol.)

St %ic_ 1.81 918667.7 2188 24 4504.8 -534 -42.1 -192.7
St %%(} 0.63 908957.7 227.0 0.6 30395 -46.8 -30.8 -193.8
ARAOSC- 1.12 916314.2 2601.2 48 1375.3 -50.9 -32.1 -197.7
St 16 1.46 931025.6 2433.3 31 1637.0 -49.7 -32.2 -1975

il

ofgh2 mhe-=olA AHF VGUl CHy %% VGE AFAT FAH9 7t slol=
golE EA 5ol #Aglel VGE AT AHE0lA H =3 w25 Zeth
g} 7k dol=g ol EVE Hojulo] EAEte] BGE A FHI <1H 7oA VGE
A 4" ARA0IC-St 16914+ tfE ofgh vt= G E Hl&] VGl CoHg
FE7F ¢F 108 A% =tk (Table 9). 2822 AH ARA0IC-St 164 #z+
VG =& Gy 5 7k dlolmdolEr HAE 3o AFHA EE VG AR
AHAA M Eo] VG el 93 & AoZ Atsdrh
A HA=UW EAste @stra Jlas A= 719 (biogenic)d d 714
(thermogenic)dll ¢l&l AAAHET. AE 7|Y ©@3l44 7t~ dHE CHy (C)7F +
8 Agioli CHgol Ao R FHo] v v, & 719 g3k 7tae AE
719 &EFA The] HE) Gy o) ThaEe] el muh wEbA BEA g sbs
W &8t AEH] (C/C)E ol &ste] gstra 7 Vds FAE 5 vk o
oz HE 7| B3¢ C/Cue 300 o9 #e, d 7Y g3 kAaE 300
o]ste] S zti=t} (Whiticar et al, 1986; Whiticar, 1999; Pohlman et al., 2009;
Kim et al,, 2011, 2012; Choi et al, 2013). o}g} vl= HHES SMTZ 3H45-9
A AlAEE A BE HS 75 VG ©8eA AR CHy7F S-A8HA A
=53, CHeZ CsHgel Aoz HEHT (Tables 8% 9). 43 HS 7[5
A AR B FEE o]&std C/CoE AL 173614 55359 W4
£ zta, gRES 300 ol deltt (Fig. 37). wetA olghd we= AHEZFT SMTZ

M
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ro

shel A A BE HS 7FAEY VGUl B4 e ghsbaea HRES o] §-3to] ©hs)
Fael 719S F43H AE 719 7t=d s A g

ofgbe w9 w7 A<l A ARA0IC-St 08¢ HS 7kAu §%Cemst 6
BCeoz W= 247 - 96% oA - 86% <l ek - 30% 1A - 16% S MSIE 7HAH,
HS 7'22 AHE A=t dojde2 8 Cemet 6%Ceo HlE #4230 (Fig. 39
Table 8). §FAe] olg}2 nL= HAE 3o AFH AHAET 7l sfol=doER
sk Ee AH ARA0IC-St 04, 43 ARA09C-St 072 A ARA09C-St 12
o] HS 7t H 4 68Coust 6%Ceoz Bl 27 0.9 mbsf, 2.6 mbsf, 1.1 mbsfoll 4]
- T4% St - 47%, -85%0 %k - 47%, -82% <t -4l%E zZt=tt (Fig. 39; Table 8).
Aubr o2 o] AHES HS 7taul HA 68Coust 6%Ceo HIE 2He
SMTZ %-<tolal, SMTZ ol AFH A=7E 2245 #4938 HS 72y §
BComst 6%Cooz ¥17F 5718k BCom®t 6%Ceor W& i - 55%09F - 40% 1. tF
2 #S ZEv (Fig. 39 Table 8). 4% ARA09C-St 04, 83 ARA09IC-St 073}
A4 ARA09C-St 12014 #2418 HS 7F2u] Doy HlE -193% o141 - 178%,2] W
AE 7FAH HS 7k A Aol wE Fgldh FAA Wl Aol #EEA
=1} (Fig. 39; Table 8). o] AHE2 HS 7k 243 §5Ceons ¥l -39%, 1 A
-18% 9 WMHAE kAW HS 7k AH A7t ZofAG5E §¥Cons W& Had
o} (Fig. 39; Table 8). ¥]= ®A43 HS 72 §¥Comet §%Ceor A3H7} A 32 0]
Amk A" ARA10C-St 059 Ad ARAIOC-St 07¢] HS 7b2=u #H4 6%Comét 6
BCeoz Bl Z+7F 1.3 mbsfet 1.35 mbsf 3olA 2t §BComet 6%Ceop HIE -5
5% 2t - 28% Bl 2 S zt=t}d (Table 8). ©] A 59 HS 7kAWl Do HlE
“197% 1A -172% < BAE 7FAH, 65Coms Bl -38% 1A - 34%2 WS 2t
=t} (Table 8).

ofgt2 mle o] AHEZT 7t dlol=dolEE wAF A ARA0IC-St 06, A
4 ARA09C-St 163+ AH ARAI10C-St 06914 A HS 7F=wl §%Coms, 7Ceon,
8Dcma®t 8%Ceons B1E HS 7F AF Aol & 5813 S22 W3l 7 kA o
BHEA g BAE RE HS 7F2 AZE5A §8Com, 6°Ceoms, 6Dy, 6°Ceon
Bl - 247 50%, - 25%, —197% <t -37%H.th & S ZtEth (Fig. 39; Table 8).
otgte mpL=o] HHEA AFd] A VG §%Com, §Dem®t 6%Ceoms ¥l
72tz - 54% 901 4 - 47% 2] WS, - 198% oA - 193%:2] WA=, - 42%°1 A -31%0 ]

jubad

-
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HAE 7HH (Table 9). AWkA o2 ofgb wp=o] FHSo|A AFH st 45
VG 8"Ceua, 8Dcrat 6%Ceos Bl oFeh2 wh=9) 7F A STMZ 3hell A A
Akl A HS 7b=ul 6%Coms, 6Dcu®t 6°Ceoms WI9F HAFE #S 2zttt
(Tables 8%} 9).

ofgl wt=o AHE 2 A AHAA AAs EAMEd HS 7t~ 2 VGY
CHy 719 #9837l fl8) C/Co.9F §%Con® AAAAEE =ASAT (Fig. 40).
Aukd o2 CHoF A8 7199 49 6%Com®t 6Dens 1= Z7F ~110% 1A - 50%o
Sb —400%, o1 A1 -100%°] W92 7FA 3, CH7F & 7192 A$ §Com®t 8Dens ¥l
247 -50% N -20% <k —27% N A -50% el WS zEEth (Whiticar, 1999;
Kim et al, 2012, 2020). o}e}2 vh2=9] w7 A<l A3 ARA0IC-St 08914 A
A HS 7k CHye di CH7F A= 719kl el f1AskA R & ofet
& e APEAA AT HS 7k 2 VGH CHE dRE A= 719 CHyo
d 719 CHyE AAlske @9 wrol f1xgk), whdo] ofehd mp-= o A3 Sof A
AT BE VG AEEY §"Com®t 6Dl A#BATNA CHiE € 719 99
of Yttt (Fig. 40). &b VGU CHiE € 719 CHy 7A=Y S A Algh &) A
W ETAAM =2 CHy 7t freds 8218k Gulf of Mexico, offshore Vancouver,
offshore Svalbard®] s HE (< 6 mbshHolA 23 VG CH,o 719 94
ofgb2 b= FHESNA AHAS ] AT VGAH & 719 CHy 7F22 B iES

bt

iy

t} (Milkov et al., 2005; Pohlman et al., 2005; Plaza-Faverola et al., 2017). &1}
ofhe mhEEo A AFHF HS 7k AR A “Caust §Demdl FaBAEE
o] &3 CHy 71€¥2 HS 7t=E5 AT obgb2 wh=9] zF A3 9 HS 7k A
Ao wet 2A A AFoeE EFE 5 vk A WA 15 A ARA0IC-St
129] 3#FolA 1.6 mbsf7hA] AHAS HS 7122 CHyel 7192 AE 71t} (Fig.
40; Table 8). 7 WA I1& A ARA09C-St 049 1.3 mbsf, 4% ARA09C-St
072} A4 ARAIOC-St 05°] 1.3 mbsfell Al | FH g HS 7t~=2 CH7F AE 7192
d 7199 &3 71YE zZr=u (Fig. 40; Table 8). Al HAl= A ARA09C-St 04
9] 1.7 mbsf °]3}, A ARA09C-St 129] 2.1 mbsf ©]3}, ARAIOC-St 05¢] 2.15
mbsfell Al AHEE HS 7= AmEH 7k~ Slol=dolEE g AA-
ARA09C-St 062 A ARA09C-St 169 X &= HS 7l AlEE=2ZA4 CHo7F € 7]
doltt (Fig. 40; Table 8). ##H olgh mhg oA HHE HS 7t AlRE
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Figure 40. A) Bernard diagram (after Bernard et al, 1978), B) §“Ccus versus &
Deme diagram (adapted from Whiticar, 1999), and C) §"Ccons versus 6%Cem of

all gases samples from the ARAON Mounds (adapted from Milkov et al.,
2005).
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CH 719l°] HS 7}=8 AAF 47 2 AH Y=o wel A2 vhe CH 7198
2E Avhs ol metdd HAE soly $RE CH, 7k 7190 £4 3

AN FA4E Ad ARE o]&3te] ofet mfE=oA BE Y
= 4 71 CHyol B AeE F4stH siAHSZRTH ¢ 1 km o]/l $1A8}
= AR #HAZOIH (Kim et al, 2020). obeh2 nhe=e] 2k A ElA HAH S A
HolA AEE olFdte 4 71 CHyol B4 #s®o] A= Abol7b 7] ufjZol
obeh mh= Z} A SMTZ dtiolAe dAvtaoz oA 7|9 CHy7F A8kl
STMZ Zi-ellM= A= 71l At 2oy opeh2 vhe= ZF J3 el STMZ
TR M= A Aw 7l CHy 2 ske] @ 719 CHy7F STMZE 3% ©)& st
of EFHHEA AE 71 CHyo & 719 CHy7F 83 CHy 719& 2=t

obehe vhE=ol A HHE HS 7he=ok VG BE 6%Coms 72 -4200 %0 =11,
Aol 6%Ceons W= SMTZ el #28 ) (Figs. 399 40; Tables 87 9). ]
3 Axt= HS 7F=¢F VGU CoHgol 2 94 719 CHsY S A A3}

71 Eo] |AE EAHZFo| vjEH F catagenesisoll A AAE 4 7Y CHie o
WA o % Cyp ol ©stsa 7hAE Bol diskal 7] wiEel C/Co.7F 100 W
The] #e Zheth AAIZE Gulf of Mexico®t offshore Vancouver?] Zafjoll A ) #
st VG 7129 C/Co7F tiF-1 1024 ZtF (Milkov et al., 2005; Pohlman et al.,
2005; Kim et al, 2020). 2eju}t ofgb2 b =oll A fH ko] A 2o HS
7F2=9F VG Al5E2 3002 Y 2 C/Co 3t ZEE=t) (Tables 8% 9). ofgh2 wl¥
oA #zE =2 C)/Co #2 A4S HS 7F2E3 VG CHy ¥ CoHe7F € 7]
A& AANstE 72 sAdA SR dASA ek w43 HS 7t E
I VGU =S C/Cot B85 7hxEo] Ao AAHE F sjxHor AR
ol F3HA A st~ AAFT AL (post-genectic process) S M USS A AT}

Herast HAE ARl A4E F wera hae) 24 2 9L 54

o~

Pernaton, 1995, 1997). ddtxq o= w447t & 71ddd 93] AdE %, Co ol
o] 7kxEo] & (thermal cracking)ol ¢l&] ai=o] CH7F AAEH §°Copts
- 30% Bt} =& kS zri=tl (Milkov and Etiope, 2018). 121} #4135k ofg}& n}
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=9 BE HS 7b28F VGO 6BCous -30% 2t w7] wiol, ofgle npL= o
HS 7}2=9F VG CHas € 719 Cor o139 759 A4S 4 Ea) 2ol 93]
CH7F AR EA keS AASt d 719 &@8l5h 7har AN HAEqA A
A F HAHeR A olFste Bt ©da stalE HASY EA45E 1A
B2E59 zgo 93 wesa AR 2 599a wvh AsA W & gl
(Schoell, 1984a, 1984b, 1988; Price and Schoell, 1995). & 7190 &8t52 7F2u
Co. o] 7}2Eo] CHuRY dubd oz v e Zgo s $AHoz A A,
olg)dt WAE #H 8o Az FFI @I5Fi shad FCo e =u
(James and Burns, 1984). HAZ ozt mbg=eo] xFHs HS 7t-=d Ho §
BCeoms B17F SMTZ Aol A #25E= Aite ofgbe nfesoA g@slss 727t
b AR mAE Ago] o8 JdFgFS TS AASE HHAA FAG
(Fig. 39; Tables 87} 9). dukd oz &)A EHAEAE SMTZ FZollA4 AOMol
o8 &algea Nt F2 CHyZ7F Bol 2HlEe] SMTZ F-tol A §%ConZt H 4
#e AW, CHes AOMol 98 dds & gt ayez gsgs 7tart 7t
2 AT 2gs Brow §¥Ces HlE SMTZ A5olx Hdgts ziev) ubaha
Adrd o olgtd mr vilel stas ARoM AdE 4 719 g3es )
250 AHLRE F olsste FF MR o] FEFS AHA ol =&

Ci/Co:9F SMTZ AH-oM = 613CC2H4'§‘ Zr=1},

3. 7k stel=dolE &g 7k~ (BG)

ARAQ09C Expedition¥} ARA10C Expedition 717t &<t olg}2 nl= A A Eof A
AT BGe A A, FH ARA0C-St 06, B3 ARA0IC-St 167 B
ARA10C-St 069141 A3 3+ BGe &34 7= g+
o] o] 7tavt Ao g HEHUTE (Table 10). 18y 43 BGY ®3l4i ¥
e 4 AEEE vl 2 HolE HRTH CHy v%+ A ARA09C-St 0694 &
354,631 ppm vol.olA 876355 ppm vol.e] WS, HH ARA09C-St 1604 +=
645596 ppm vol.olA] 917483 ppm vol.9] WHE, AHF ARAIOC-St 0694 =
155,664 ppm vol.olA 361,232 ppm vole] WHE zt= Aoz EAFHT (Table
10). 4 ARA09C-St 063 % ARA09C-St 1694 5L AH9 T AZoA
AHEF BGO CHy 3t Alss AHAT 4 A ofgk A4 vs. UNIST A

= CHyZ 753 CoHg

o
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Al wet A= vE s=5 7FAL dvh 53 A3 ARA0IC-St 06914 =
ARA09C Expedition 7]3F &b WA ofepe HAAeA HT BG Al=EC]
UNIST Ag oA AHA g BG Al8XH T 2 CHy 55E 2r=t} (Table 10). o] 2
o] Y AH L Axe BG A EAA BG AR AF Faol wE CHy 5%
7F A2 g8 Yoo 2= ARA09C Expedition?] 7F2> glol=golE A ES A F g

71 A Axol Bt ddAAA BGE AMHAT o 7F= stol=o] E

i

Table 10. The analyzed results of BG from the ARAQ9C Expedition and
ARA10C Expedition.

C CoHs C: CO2 o
Depth (Dll;ﬁl (DZDPILn (p;ii ppm 8"Com | 8"Ceans | 6"Dom Sampling
(mbe) ( %0) ( %()) ( %0)
vol.) vol.) vol.) vol.)

Site

2.58° 872592.0 | 201.1 0.6 2229 —46.7 -30.7 -192.6

ARA0IC 258" 876354.8 196.0 0.5 122.7 -46.9 -30.6 -193.0 Onboard

St06 | o5 | 7406134 | 1583 | 04 202 | -468 | -311 | -1926

2.58° 354,6309 | 1043 35 1,276.5 - - - Lab

0.52° 892364.2 | 25356 3.8 30.2 -49.1 -32.1 -196.2

0.79" 6455958 | 18782 3.3 784 -80.5 -32.3 -1976

09 8507789 | 26009 59 64.6 -50.0 -32.5 -197.3

1.19° 8711019 | 22353 2.7 42.8 -49.3 -33.0 -196.3

ARA Onboard
0C 243" 8794649 | 26357 41 229.0 -49.0 -31.8 -1964

-St 16
243" 877254.3 | 25086 39 181.7 -489 -31.8 -197.0
243 7828588 | 2831.0 52 75.0 485 -32.1 -196.1
243" 879016.1 | 31828 6.6 208.3 -485 -316 -196.3
243° 9174877 | 3780.0 79 1,8479 - - - Lab
Top” 155663.9 43.7 n. d. 2581 476 -33.2 -2109

A};?IO%C Middle® | 3612324 116.0 n. d. 11138 -48.1 -324 -193.0 Onboard

Bottom” | 292550.6 91.3 n. d. 3107 476 -32.1 -186.8
* — ! no measurement

x% @ 1 analyzed by Kitami, ” : analyzed by KIGAM (data are modified from Kim et al. (2020))
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A% BGe wstea sRE ol&sted BGO C/CrE AAtEH, AA
ARAQ9C-St 06 3,290°1 A1 4,667 H9E, 43 ARA0IC-St 16> 242 4] 3899
HeE, 44 ARAIOC-St 06> 3,204014 35629 HLE Zte=t} (Table 10). <Y
Ao A AF S BG AlEEL vy A4 C/Cod 2Ea, ARA0IC Expedition
7} ARAIOC Expedition 717t &<t ofeb mpEof A 23 g HS 7= 2 VGAHH
BGel C/Co.7t 300Kt =Avt, wheba ofgh2 whol A xF T Al A3E9 BGW
gt AR 2 F5E o8t CHyl 719 #4584, CHye € 719 CHy 7}
2Rtk AE 719 CHy 7H=ds A Al

7}~ Eo]l=dolE F X (geometry): 7FA SolEdolE A B Eap LR
XS E b AR o8 AAgEn 2 1 (S) 7hs FolEFelEE & #A
Zlol 99% o]l CHyolal CoHgol Moz gHrslo] dut. vbde] 2 1T (Sp)
¢ 7% H (Sp) 72 stol=dgolEx f7l= e 7|59 d&s 28 9 ¥
A8 CHyok 1% ol Co-Cs ®3tra 7h27F & 22 % el 5ol U=
TZ%o|t} (Brooks et al, 1984; Sassen and MacDonald, 1994). A 7]3F nje} 7o)
474 ARA09C-St 06, 44 ARA09C-St 162 ARAI0C-St 06°] BG<l €3} 7}
2 AR R CHE 785 it vZew CHet CHg 7H=E $Hratal 9l
t} (Table 10). wzkA 43 ARA09C-St 06, 54 ARA09C-St 167 ARA10C-St
06°1 4 +43 BG A& ol&35to] o] A5 EAlsts 7t slol=dlolE %
£ FASH, Al AR EA AHI 7t slol=golEE BT S 7 &7 FAlskaL

o w Sp7t EAsts Ao s Al dn)

2

4% ARA0IC-St 06, 44 ARA0IC-St 167} ARAIOC-St 06¢] BG 7} A%
4 ZAshe} 2ol B4 vlE A RE BG AREIA vnd AAT e
et Al AAENA AT BG AREY §%Cau 1= 51%NA - 46%°] W)

Z 6"Do Bl 211% 1A - 187% 2] WS 2ta1, 6%Come Bl ~34% 914 - 30%
o WMeE ztEth (Table 10). otgp2 mh= AHEA AFT BG A8E59 §
BComt 6Dl AHBALE o] &3le] CHy 7k29] 719S ¥, 2E BG Al
259 CHy 7Fae € 7199 g9 913tk (Fig. 40; Table 10). L3 2E BG
ANBEL 6%Cems ¥l GA & 719 CHs G0l X3t} wabs ofgle npd=
AHAEANA AFHs AT ZE BGWH CHe GHe> 4 71dolth (Fig. 40;
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Table 10). ofeb vhe= BGe ®&3ta 719 Z3= ARA09C Expeditiont
ARAIOC Expedition 717t &<t ofgh vk A SolA AT VG SMTZ &
Foll A AHI HS 7F= CHaSE CoHs®l 710l A5 HA=A 4" 4 71d
7h2=91 A3 A gt

ol mp=o] A AHENA 2MFHT BG I CO2l 5%+ 29 ppm vol.ol
A1 11,138 ppm vol. P]Rte 2 FA = ATt (Table 10). 44 ARA09C-St 063 4 H
ARAQ9C-St 169 =4 AA Y sd A&dA AT BGe CO9 sE= AR
Ao Fu3 Zlo] ARA0IC Expedition 717+ BoF A ofgl Ao A
o] gk FETE A 58 o] =:Skth (Table 10). A 7|k vheo} o] HFHoA F
Hlgk BGY CO, %7 =2 o]fFZ% ARA09C Expedition 7|13t &<F 7k slol=

E

et

AES AT 5 A7 AA ALl Baste] AR ThA So] = o] E A

TY CO, Tde] Ha7izbeet add Aow Aziy ozl

4. ofg}Z wk= SMTZ F<+ &4 3%
2

ARA09C Expedition 7|17} E¢t o}l me=9o] F=9 7hA~ EAS v El7)
g v JHoR ofgh b= ol A% A ARA0IC-St 08 A] & =<}

HS 7t22 #5389t A3 ARA0IC-St 08¢ &=+U SO =& Ax7t 2o
A5E AAs Aoz gastdAvt AH :e] do] el SO~ F%=7F 0
mMedl| E9tA] Xtk v ok whg=o thE A Ee] HlE AA
ARA09C-St 0814 AH3F TFFE Mnet Fe 27 duidoz =7 B2
th B HS 7had] CHy sk obghd vh=o] SMTZe 2@ v JH 5ol
e} wj$ 3e FrZ zh=r} (< 3000 ppm vol). Wk AA ARA0IC-St 089l
A Bl A FRE olgEtE VTt e o] thE ofgt2 miE= A B vl
u - vrol A FH e EAHE Fo] Aol WA= Mn/Fe 3 28 3 POCSRo| -4
A dojvttt

4% ARA09C-St 084 H]&8l ARA09C Expedition® ARA10C Expedition 7]%}
et ofgke whR oA AFEte] A T E HS, VG, BG 7t~ 23E A
A ARA0IC-St 083 vl 2 5AS B, ofgh nle=eo] 3o AFH AHE
& Aol A AEE ol Fste ek A Tk fres kel A3 ARA0IC-St 080l A H]

& wj$ ol ¥ SO 2 alkalinity ¥ E7F SOl A] ARE o]lEdE b~

o
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e ol o8 dFS wol wol (AT HA=E 3ol Hol7t 6 m ool ARt 5
T AH A= wE WEd SO 2 oalkalinityd ¥% 71&7] Wizl dFEU
ol#3t ANF Aol wWE FF59 SO H alkalinity FE W3E FFFe SOS
2 alkalinity7} G2 &k 7kl e}t non-steady statedl s A Al gTh =
ofgf w2 7} AHoA = FHE olFsh= hagol wEt SMTZ7F Wahst

0oEE AYE oFat sla §5E ofgke e 4w mwe b ol

l

EdolES AT + e AR ST 7t e Ty (Fig. 41).

A B
Seafloar /_\ Seafloar
[ Biozemic CHL by CO, reduction K@C_‘\* Bugmcn by CO, redution_. ,L
C,E‘mﬂmh&wdlgnﬂam A T ~Hog b e s ,_ I" Pnslémllcil;-ﬁ;s-
Lvlﬂdp;‘f IP::J-i T A s _I_‘ gy e o —_— - B B a0
b [ e | Pnsl@mhtpmlss i, |1, mhsf Jimc - |'1 wﬁ'c"‘,d[mm“’
P e i 1 - Ermichal 10, (600 10 -5 e iy, B H
SMT < 3.3 mbsf f ~. WY 4% 10 ) o = o iy scoaten §1C, <4980 10 -
L A ! - Do, O/, » 30 ! 1'
[ | = |
i |. B [ - =
| - § e 1o B h i
[ - - l'._ |- t -
- - . g b
Thermozenic CH, and CH, Thermegenic CH, a0d C H,
Mo Soals Bk 10 e} B 3 N Seals b Py 0 B e 3OS}
-CiC, <1 -, <

Figure 41. Schematic diagram illustrating upward gas migration from the
deep-seated sediments column at the A) nonhydrate-bearing and B)
hydrate-bearing sites of the ARAON Mounds. The color change is the relative
degree of the mixture between thermogenic and biogenic gas (red < dark pink
< light pink) and the size of arrow is shown the relatively gas flux. Gas
hydrate (GH) and methane-derived authigenic carbonate (MDAC) are displayed

as blue circles and gray circles, respectively.

(o,

o

M
1%

obgbe whe] FHEAA A HS, VG, BGS] 7k~ Aw 3 59
A, ARE olFets BEaa Than ofghE v s s AW AR 1 km o]l A
A A 719 Thzolnh 'Eha bk AdE ARl e C/Coiz 100 o] st
Com®t 6"Ceomu 1= 2H2E - 40% 3 - 30% ©18% #<& zteth (Fig. 4. 4
Foll A AR gt art AR olsstuA mAE 38 % AR 719 7kt
5l sl SMTZ FellAs 7k A 3 s w7k e Asta s
CERE SATW Es el Zhs sfo| BB EA] ool wek SMTZ F

H

o
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M= AR o2 w4 £3ho] AT (Fig. 41). 7t slo|=do|EV EAj8t=
ofgf miEeo] JHELS TE o vt AP S nlE AuHoz JE=
ol 53l 7t fEEol Eol SMTZE 1.5 mbsfitlh HFol xsta C/Cot=
300 e]elar §%Cems®t 6Cenn V1= Z47E - 58%oll Al - 44% 2] W9l eF - 35%0 1 A
-29%¢] M9 S zr=t} (Fig. 41; Tables 83 9). 3k 2238k 7}~ §8Cepy Hl &
- 36%0 1A -20%2] HHE Zt=t) (Fig. 39; Tables 83 9). ZHtx o2 712 &}o]

Sl ES i oldte AHEAANE AE 719 CH 540 #2HA 2w
6 3

Ho

Q
=
I
e
P~
rlr
v
o,
o,
lly
2,
>
:
>
=
x>
o
do)
@
t
X
(o)
D
&
g
@]
=]
N
=

=<}
%, obgte Bhem FHEANE PRE o FFE hx fEBol AW AUE F
MBS SMTZ 94 A5/ 28 A AR o|Bas ke FEuel me

4wl webd AAE mol AAA A4 wargo] BEHTh wHd s 5
oJmEo| st #AHA L ofghe neE ASAAE HAF AN AN

ol =3t B3l A A E A FlolmdgolEVF EAEE UE ol nfes AH

=Y olEVL EAstE ofgtR wheE AAE Hl& A7) wie] SMTZ= 7F~ 3
o= o] EV} EASE ofeh = AR L] HE doiHo® AR 3.3 mbsf
By HE zZolo A} (Fig. 39). T3 7k stol=g o]V =] ¢ o
g2 b= AHES SMTZ ZHedAs AE 719 CHoF BAEH7] wEd
SMTZ gl A A HS 7F2se e 6Com, §%Coms™ 67Cerp VIE 2
(Fig. 41). 7}~ stol=dolEE FfrahA &2 otghe m= A E9 SMT

2o A AH T HS 7h2E2 7ha dtol=do]EVE EAEE thE ofgt2 mhe = A
HEo Ha e §YCaudt 6%Ceor HIE Ztom, §8Ceups HlE AHA AE7t H3ol
AA TS = e 2tEr (Fig. 41). ©] 3 E9 SMTZ shtolA A gy
B 7R ES C/Coi 300 o)/dolal §%Com, 8%Come®t 6%Ceor W= ZHZE - 60%°1
A %ol HMHE, -42% A -30%2 WHAE, -42%A -20%S MHE 7HX
o W3lEtl (Fig. 41). A4 galdeto] 714 slo]=golErl &3t tf& ofg)
< = AAE vl AddHoz A @ wgepA o mi= JHE
& BN FHE o)EdtE Tt fre el wel SMTZ F2e Ao vhAa &3S

-

4m

Ay

il

¢
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§- sl 95 Aoz dojdtt (Fig. 41).

ARAO09C Expedition®} ARA10C Expedition 7]7F &<t H X s e} & A] ]2 o}afel

A

5

AAT 35 W ks (WS, VG, BG) ARE o) galel dakd Ase 4y o

A A4S AAsd HAS3 ek ks 24 ARE vEeR AAE

A5k BA ol o] Tk shao] AsE B4 aoksu Tt

o3t 814 28-S oA ol & Ak AFHS F4Hl v salinity, Cl,

SO, F& Fole §8%09 §D H|E zl=t)

- AAY olgte mlgEe sta seldelest EAd: AW FF5E 7

sol=eolEZl EAFA %= e AAEY FTFE
salinity, CI 9} 8 %ol@ ¥EZ zteth 39 ogfd &35 A5 54

Se Jle solmdolEst desel FF5el 9FS F 9l ok AFHA

- b golsdolEst EAlstE olete vkt AAEANA At BN B

sl CI w28 ol&3dt 7k stel=dolE X3tk s Artstw, AA
ARAQIC-St 06+= 7%°lA 26%°] ®HE 7FAa, A5 ARA0IC-St 16904 +=
296014 44%°] ®$1E 7HH

- obebe wlemel w7 A AW ARACIC-St 0814 T4 AF Almel

2 F55U SO/, alkalinity9t §“Cpc W1l 2%l ®sh de o] Aol
SMTZel =2etA ZetdsS AAg. B3 ARA0IC-St 084 = F et #
s HS 7F2=~W CHy %% 10 ppm volHth SA EA¥d webs 71
w4 A Al A" ARA0IC-St 08°] SMTZel =9shA Xt &s HoF
= EuUE Stk

1

- A3 ARA09C-St 0891 M = AT HH= A& Wels POCSR¥ Mn} Fe %

9 Aol R Aoju} f71ES0] HajH. wA of Aol s

BA% B35 Mnd Fe $EE OE ofde e 4H5e $345uT
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